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METHOD FOR CALCULATING THE PROPERTIES OF 
HYDROCARBONS AND ITS APPLICATION TO THE 
REFRACTIVE INDICES, DENSITIES, AND BOILING 
POINTS OF THE PARAFFIN AND MONOOLEFIN HYDRO- 


CARBONS ! 
By William J. Taylor,’ Joan M. Pignocco,’ and Frederick D. Rossini 


ABSTRACT 


A method is described for calculating the properties of hydrocarbons which 
involves the summation of contributions from component parts of the molecule, 
together with contributions from interactions between adjacent component parts. 

For the paraffin hydrocarbons, the calculations were made in terms of the 
difference in the value of the property between a given normal paraffin and its 
komers, and the required constants were evaluated from data on 33 paraffins, 
(;to Cs. For these paraffins, the average deviation of the calculated from the 
xperimental values is +0.00074 g/ml in density, +0.00042 in refractive index 
(np at 20° C), and +0.55° C in the normal boiling point. 

In the case of the monoolefin hydrocarbons, the calculations were made in terms 
of the difference in the value of the property between a given monoolefin and the 
corresponding paraffin having the same carbon skeleton, and the required con- 
stants were evaluated from data on 58 monoolefins, Cs; to Cy. For thesé monoole- 
ins, the average deviation of the calculated from the experimental values is 
+0.0031 g/ml in density, + 0.0020 in refractive index (np at 20° C), and +1.33° C 
in the normal boiling point. 
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I. INTRODUCTION 


In connection with the work of the American Petroleum Institute 
Research Project 44 on the “Collection and Analysis of Data on the 
rroperties of Hydrocarbons,” at the National Bureau of Standards, 
t became necessary to make selections of values of the physical 
properties of refractive index, density, and normal boiling point for 

This investigation was performed at the National Bureau of Standards by the?American Petroleum 
Hastitute Research Project 44 on the “Collection and Analysis of Data on the Properties of Hydrocarbons.” 


tae = Associate on the American Petroleum Institute Research Project 44 at the National Bureat 
Standards. 
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several nonanes and octenes for which no data whatever were availab|. 
and for several other nonanes and octenes for which the existing dat, 
appeared to be rather uncertain. This paper describes the method 
by which these caculations were made. 

It has long been known that the properties of hydrocarbons vary 
more or less regularly with their molecular structure, and numeroys 
correlations of various properties of hydrocarbons have been made. 
These include, for example, the graphical methods used by Calingaer; 
and coworkers in connection with molecular volume [1, 2],? the struc. 
tural increment method of Francis in connection with refractive index. 
density, and normal boiling point [3, 4], and the theoretical method 
used by Huggins in connection with density and refractive index 
[5, 6]. The present investigation follows more nearly the method of 
Huggins [5] in that, from known values for a considerable number of 
compounds of a given type, certain constants are evaluated whos 
appropriate summation permits evaluation of the property for 
given hydrocarbon of the same type, with the number of times a given 
constant is added being determined entirely by the structure of the 
given molecule. 


II. GENERAL METHOD 


It is frequently desired to correlate a particular property of a group 
of compounds by fitting an assumed function containing adjustable 
parameters to the observed values of the property. In the simple 
case of one independent variable, as the number of carbon atoms in a 
homologous series of compounds, the method of least squares is ofte1 
used in the adjustment of the parameter. If the group of compounds 
is less simply related than a homologous series it is usually necessary 
to introduce more than one independent variable in order to represent 
the data adequately. 

The advantages of the method of least squares in the multi-di- 
mensional case are essentially the same as in the one dimensional case 
namely, the method presents a unique set of values for the parameter: 
based on all the data. In addition, the use of least squares is a rel- 
atively rapid method when there are several indeneuallaie’ variables, 
since other methods become increasingly difficult. 

The method of least squares is nothing more than a mathematical 
procedure for minimizing the sum of the squares of the residuals, or 
the differences between the observed values and the values calculated 
from the assumed function. These residuals may arise in two ways 
(1) the observed values may be in error; (2) the true values will not, 
in general, satisfy the assumed function perfectly because of the ap- 
proximate nature of the latter. The relative importance of these two 
factors depends upon the accuracy of the data and the correctness of 
the assumed function: If the first effect is predominant, the correla- 
tion is essentially a smoothing of the data, and the justification for 
using least squares is well known. If the second effect is predominant, 
the correlation is incapable of improving the data, and the interest 
then is attached to the values of the parameters, which may be used 
for example, to calculate approximate values of the property for com- 
pounds for which it is unknown. In this case, the justification for 
the use of least squares is less clear, because the deviation of the true 


? Figures in brackets indicate the literature references at the end of this paper. 
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values from the assumed function is not likely to follow a normal error 
wrve. However, even in this case, a better criterion for the adjust- 
ment of the parameters than the minimization of the sum of the squares 
of the residuals does not seem to be available. 

In the applications of least squares to be made here, the independent 
variables will be free of error, and the normal equations may then be 
jerived very simply. The derivation will be repeated briefly here in 
order to introduce the notation adopted and to make certain features 
of the procedure clear. The language of the physical problem at hand 
will be used for concreteness. 

In a group of m compounds, let the observed value of a given prop- 
ety G be G, for the ith compound. It is desired to represent @ 
by a function of » independent variables 2, . . . , 2, and t adjustable 
parameters ms se oe 


PusPGh,. ss 5 Gh Ges «ss 9 OH (1) 


The variables z,, . . ., 2,, are numbers known from the structure 
of the molecule, for example, the number of atoms or bonds of a given 
kind; let their values for the ith compound be zy, ... , 2s. The 
parameters @;, . . . , @, are to be adjusted to minimize the sum of the 
weighted squares of the residuals, ¢’, 


i=m 
P= 2 wi(Gi—F,). (2) 


The assignment of weights, w, to the observed values G,, will be dis- 
cussed later. Setting the derivatives of ¢? with respect toa, ... , 
a,, equal to zero yields ¢ equations 


=e Wi. ‘a 

215 (Gi—F) =0 (s=1, ‘1 SS if (3) 

i=l as 
In general, eq 3 are not linear in a, ... , a, Let the (unknown) 
values of the parameters that satisfy eq 3 be a, . . . , @;, and assume 
that in some way approximate values d,, . . . , @,, have been esti- 


mated. Then, neglecting second derivatives of F, 


, ow, Stor ow 
F=F +205 (@—G)+ -. - (4a) 
r= ? 
oF OF 
da, Oa, morn 9% ” 
where F and OF /Oa, are to be evaluated at a,=—@,, . . . , @:=G,. 


Introducing eq 4 into eq 3, there is obtained 


m  _ fiem OF, OF | OF, 1 , 
da, a,| $0 oe OF Sw eG,—F) (s=1, cee, t). (5) 


r=] 





Vv es — oc treatment, and for a method of solving the normal equations, see reference [7, chapters 
’ . aD ; 
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Equations 5 are the ¢ normal equations, linear in (a,—4,), 


(a,—a,). After solving for the latter, a,, . . . , a, may be calculated 
The final values of a,, . . . , a, will be essentially independent of 
d,, . . . , &, provided the latter are er good estimates. 
‘In the correlations described in this paper, as the simple lines; 
form 
rat oF 
F= = Dyers 55 = 2 ee 6 ae 6 


and the normal equations become 


r=t i=™m 


Sy (a, —a,) Sy wreritur= Sa Weta Gy F)(s=1, »seyf, (7 


r=t 


F=2)G,2,. Nt 


where 


For this form of F the normal equations are exact, so that solution of 


eq 7 yields the correct values of a, . . . , @;, no matter how inaccurat 
are the estimates @,..., @, In particular, if @;=0, ..., a,=0 


then, also, #=0, and the normal equations become 


r=t i=m i=m 
2a tr 2 Wikris= 2 Wie G (s=1, me pe (9 
r= 1 i= 

It may still be advantageous to make estimates @, . . . , @,, and use eq 


7 rather than eq 9, in order to reduce the number of significant figures 
necessary in the calculations. 
After the solution of the normal equations for the parameters «,, 
, a,, the individual deviations, (@;— F,), may be cdictlated. For 
each correlation in this paper there are given one or more of the 
following: (1) the maximum deviation, or the maximum absolute 
value of (G,— F,); (2) the average deviation defined by 


i=m 
Average deviation=— 35 w1G.— Fil (ac 


and (3) the standard deviation of a single value, c, defined by 
li=m a ¥ 
= Sw (G.— P| (11 


The assignment of weights, w, to the observed values of the 
property Gis not an easy problem. If the uncertainty of the observed 
value for a given compound is considerably larger than the expected 
deviation of the true value from the calculated value, a low weight 
may be assigned to the value for this compound. However there is 
no justification for assigning a low weight to an accurate value which 
differs greatly from the calculated value, for the fault lies then with 
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the assumed function F, rather than with the data. In the correla- 
ions described in this report, a single value was first selected for 
each compound by suitable weighting of the experimental values for 
ach compound; the correlation was then based on these selected 
values, assigning unit weight (w=1) to each compound included in 
the correlation. 


III. APPLICATION TO PARAFFIN HYDROCARBONS 


In the application of the present method to the paraffin hydrocar- 
bons, there are several ways in which constants may be assigned to 
the component parts of the molecule and their interactions. Some 
of these will be discussed, in the order of increasing complexity. 

One of the simplest schemes for the calculation of the properties of 
the paraffin hydrocarbons, C,H2,,2 (where n is the number of carbon 
stoms), is the assignment of constants d¢ and dy for the contributions 
of carbon and hydrogen atoms, respectively, to the property G. The 
resulting equation for G is *® 


G=2dg+ (dg +2dg)n. (12) 


An alternative is the assignment of constants dco and dcx for the 
contributions of carbon-carbon and carbon-hydrogen bonds, respec- 
tively to G. The equation for G is then 


G= (2den— ec) + (deo +2dcu)n. (13) 


If the contributions of both bonds and atoms are included, the equa- 
tion for Gis the sum of the right sides of eq 12 and 13. 
It follows that in each of these cases G takes the form 


G=bo+nb, (14) 


s that there are only two adjustable constants. It is also clear that 
the calculated value of G will be the same for all isomers, since n is the 
same for isomers. 

Perhaps the simplest scheme that is capable of distinguishing 
someric paraffins is the assignment of constants for the contribution 
to G, of CH;, CH,, CH, and C groups, in which the carbon atom is, 
respectively, primary, secondary, tertiary, and quaternary. Let 
these constants be @;, d2, @3, and a,, and let the number of groups of 
each kind in the ith paraffin be 2,,, Zo;, 23:, and 24;, respectively. 

The equation for G, is 


G p= 21 + Zagat 23g + Zi. (15) 


lt is easily seen that the following relations exist between the z’s and 
i, the total number of carbon atoms: 


Z1at Zar t 29et Za. (16) 
S214 224+ 21e= 24-2. (17) 


>>> 

‘Hereafter G will be used to represent both the observed value of the property and the function that 
presents the property. The meaning intended will always be clear from the context. In section II the 
broperty is represented by G and the function by F. 
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On substitution for z2,, and 2, from eq 16 and 17, G takes the form 
G = (2a, — 2a) + 1g + 254(@, — 2a_+ Ag) + 244(20,; —3a_+-a,), (18 


Denoting by G@, the value of @ for the normal paraffin with th, 
same value of n, eq 18 reduces to 





G,= (2a, — 22) +n (2. (] 


Finally, there is obtained for the difference in the value of @ betwee, 
the isomer and the normal paraffin 





AG = (G,— G,) = 251(@; — 2a, + Gg) + 244(2,—3a_+4,). (20 





Equation 20 has been fitted by least squares (see also section II) to 
the increment of molal volume at 20°C, AV™, to the increment of 
molal refraction for the D line at 20°C, AR>”, and to the increment 
of the normal boiling point in degrees, centigrade, ABP for the 29 
branched paraffins (1 pentane, 4 hexanes, 8 heptanes, and 16 octanes 
normally liquid at 20°C (this excludes the gas, 2,2-dimethylpropane 
and the solid 2,2,3,3-tetramethylbutane). he data for the calev- 
lation of AV™, AR,>”, and ABP were taken from the selected 
“‘best”’ values of these properties in the tables of the American Pe 
troleum Institute Research Project 44, as of December 31, 1942. 
The reference values for the normal paraffins are given in table 1, and 
the difference between the values for the wanes paraffins (isoparaf- 
fins) and the corresponding normal paraffins are given in table 2. The 
molal volume, V™, and the molal refraction, Rp”, are related to the 
molecular weight, M, the density at 20°C, d®, and the refractive 
index for the D line at 20°C, n»”, by the equation 
































V*=M/d*. 2 
R — (np”)?—1 
bp ~~ q® (np™)?+2 ° 
af 
TaBLe 1.— Reference values for the normal parafins n 
J. 
Refractive , int 
Densit ; Boiling point 
Compound index aah ms 
at 20° at 20° C at 760 mm 
} g/ml | n o¢ 
n-Pentane................- one é = 0. 6263 1. 3576 | 36. 
St ERE? Ske SAS ae . St SRR a ee . 6504 1. 3750 | 68. 14 
COIN. nna ceqneqssecacetcqgmpanccee : REE Pee . 6837 1. 3877 | 08. 42 
Ce nstk tik. ccceccccdscctctcuebelebcan Sie Meriet BsLs . 7026 1. 3075 | 125. 66 
ESET ee jsesbotiinbaecdsecsdatebanmited } - 7178 | 1. 4055 | 150.77 
—_——- _ — - - — - ———e ——— , 
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’ qusLe 2.—Experimental and calculated values of the difference, between each of 29 
isoparafins, Cs to Cy, and the perroepentend normal paraffin, of the density, d, at 
2° C, the molal volume, V, at 20° C, the refractive index, np, at 20° C, the molal 
(18) refraction,* Rp, at 20°C. and the boiling point, BP, at 760 mm Hg 








Ad=d(iso) AV= Viiso Anp=fp(iso)| ARp=Rp(iso) |ABP=BP(iso) 
th the —d (normal) aon ap ra | - (normal) — BP (normal) 






























































Compound Mi - x Is * 
iaper-|Caleu-| 4*PSF | Calou- | *P&F-|Caleu-| 4 Pet | Caleu- | *P°F"|Calcn- 
(19 tit | lated ¢| #67 | lated ¢ | EP lated 4) MEP | jated «| ME" | iated 4 
Se 
atweer g/ml | g/ml |ml/mole|mi/mole mi/mole|\mi/mole| °C °C 
ee tee 0. 0000} 0.0000} ~~ 0.00} — 0. 00] 0. 0000] 0 0000} 0,000} 0.000} 0.00) 0.0 
iikidibind —. 0066|—.0050) 1.23) 1.09|—.0037|—.0032} 031) .033| —8.30) —84 
C.Hu 
(20) HMM aesane......---- ae: 0. 0000} 0.0000} 0.00} 0.00} 0.0000) 0.0000} 0.000) 0.000) 0.00) 09 
sMethylpentane._...__. -. —.0055, 1.26) 1.09/-. —. 0030} .028} .033/ —8.49} —8 4 
+Methylpentane._.___ -_. 0049} .0037} —0.96] —0.73| .0015) . =. 116} —. 104) —5.49} —7.2 
IT) to fmt? Dimethylbatane_____. —.0103/—.0093} 207] 1. 86/—.0062|—. 005 024} .049|—19. 01) —18.8 
t of {Dimethylbutane......} .0022) .0020, —0.43) —0.40) . 0001} —. 100} —.085|—10.74) —10.9 
ent 0 
ement Ollie 
the 20 fMEeHeptane......-......-.] 0.0000} 0.0000] 0,00} 0.00} 0.0000) 0.0000} 0.000} 0.000) 0.00) 0.0 
“" Bie: Methylhexane..--..___ —. 0049] —. 0050 1 08) 1. 09|—, 0028/—. 0028} .025)  .033) —837| —&4 
tanes) ME Methylhexane..........| .0033} .0034) —0. —0. 73} .0010) .0000) —.088} —.104) —6.47) —7.2 
‘opane bEthyipentane..........| .0145| .0121] —3.04) —2.55| .0057| .0046| —.278} —. 241] —4.97) —6.0 
Caley. Met? Dimethylpentane .._..|—. 0099}. 0086) 2.15 1, 86}—. 0054/—.0048}  .072) .049/—19. 20) —18.8 
t}Dimethylpentane.....| .0115| .0105| —2.42| —2.22) .0043| .0030| —.238} —.222) —8.67| —9.7 
lected HIM i+Dimethylpentane..._|—.0109|—.0100] 237, 2 18|~.0061|—.0056|  . 067 066|—17. 87} —16.8 
P LpDimethylpentane...__| .0095| .0089) —201) —1.88| . 0030} —. 225} —.210|—12. 36] —13.0 
i Fe Rss Trimethylbutane....| .0063| .0065| —1.34| —1.38| .0018} .0020| —.175| —.166|—17.54| —17.1 
1942. 
1, and 
af. Mmmrortane....----------- 0.0000} 0.0000} 0.00} ~ 0.00) 0.0000) 0.0000} 0.000} 0.000} 0.00) 0.0 
P&lal- Bb vethyiheptane _._.___- —.0047|—. 0047} 1.09} 1.09|—.0025|-.0026, .045) .633| —8.02) —8 4 
The Me+Methylheptane...----| . 0032} .0032| —0.74| —0.73| .0010) .0008) ~.090| —. 104) —6.74) —7.2 
+Methylheptane.........| .0020| .0032} —.46| —0.73| .0004) .0008} —.075| —. 104) —7.95| —7.2 
to the pithyibexane.. OS 0109} 0112} —2.48} —2.55] .0041) .0044) —.246) —. 241) —7.13) —6.0 
activ 12Dimethylhexane - -___- —.0073|—.0079} 1.71 1 $8|~: 0040: 004s 058}  .049|—18. 82 —18.8 
CUVC BE::Dimethylhexane......| .0107} .0097| —244) —222) .0040) .0036) —.243} —.222|—10.06) —9.7 
i¢Dimethylhexane......|—. 0023|—. 0016, 0.53|  0.36|—.0022|\—. 0018} —.064) —.071/—16. 23) —15.6 
i+Dimethylhexane......|—.0091/—.0093} 213)  2.18|—.0050|—.0052| 073 066|—16, 56] —16.8 
\+Dimethylhexane..._._|  . 0074] . 0082} ~—1.69} —1.88]} .0026| .0028| —.183| —.210|—13.69| —13.0 
- i+Dimethylhexane..._..| .0167| .0179| —3.77| —4.04] .0066| .0072) —.348| —.359) —7.94) —85 
(21 $Methyl-3-ethylpentane.| .0167| .0179| —3.77| —4.04| .0065| .0072) —.357| —.359/-10.01| —8 5 
PMethyl-B-ethylpentane.| . 0248] .0252| —5.54| —5.62| .0103| .0106) —.471| —.469| —7.40) —7.2 
11}-Trimethylpentane_.| .0135| .0141| —3.06) —3.20) .0053} .0055| —. 286) —.303/—15.82) —15.9 
11¢Trimethylpentane_.|—. 0107/—. 0125, 2.51)  295|—.0061/—.0071| .065 082|—26. 43) —27.2 
09 1}-Trimethylpentane 0236} .0228) —5.28| —5.12| .0100} .0096| —.432) —,425|—10.90| —11.3 
-- i+Trimethylpentane..| .0165| .0164| —3.73] —3.71| .0068) .0065| —.321| —.340|—1219} —122 








* See eq 22. 

»22,-Dimethylpropane (neopentane) not included. 
‘22,3,3-Tetramethylbutane not included. 

‘See eq 43 and table 4. 


ng pola The final equations, with the standard deviations of a single value, 
are 

7 AV™=—0.6%,—0.82,+2.3 (23) 

ry AR;® = —0.082)—0.122,+0.15 (24) 

15 7 ABP r= —5.82;—13.82,43.9. (25) 


The units of AV” and AR,” are milliliters per mole, and ABP yp is in 
degrees centigrade. 

The root-mean-square values of AV™, ARp™, and ABP for the 29 
piraffirs are +2.51, +0.211, and +12.9, as compared with the 


638766—45——_-2 
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standard deviations from eq 23, 24, and 25, of +2.3, +0.15, a 
+3.9, respectively. Thus, for the molal volume and molal refractip 
the standard deviations are not much smaller than the root ma 
square values of AV™ and AR>”, so that eq 20 gives a poor represey, 
tation of the data. For the boiling point the standard deviatioy ; 
considerably smaller than the root-mean-square value of ABP. 
However, for all three properties a pronounced improvement in th 
representation of the data may be effected by allowing for interaction 
between the CH;, CH,, CH, and C groups, as will be shown in th 
following paragraphs. 

The component parts of the paraffin molecule will be taken, 
before, as the CH;, CH,, CH, and C groups. The number of ea¢ 
group in the ith paraffin hydrocarbon will be 2;, 221, 23:, and 2, an 
their contributions to the property @ will be a;, a2, a3, and a,, resp 
tively. Interactions between adjacent groups only will be consider 
Then the possible interactions correspond to the 10 ways in whic 
2 adjacent groups may occur, CH;-CH,;, CH;-CH,, CH;-CH, CH, 
CH,-CH;, . . . , C-C. The number of each interaction in the it 
paraffin will be written as 2;1;, 2124, 213%). 214) 22%) Zesty Zeaty Zs31, Zoe, AD 
2u:, and their contributions to the property G as @4;, G2, 13, @4, Gz, dy 
Gy, 433, Gy, aNd Ay, respectively. 

Then the value of the property G for the ith paraffin is 


G = 2 27+ 2rarsy (26 


where the first summation is over the 4 groups, and the second is ove 
the 10 interactions.° 

In addition to eq 16, and 17 relating to the 2z,,’s and n,, the tot 
number of carbon atoms, there exist the following four relations b 
tween the z,,’s and the z,,,’s: 


21¢=2Qeqrat 2120+ 2131+ 2141 21 


2 224= 2120+ 2Z221-+ 2231+ Zoae (28 
3234= 2131+ Zagat 22531 + Zaat (29 
4241 Z14e t+ Zot Saat t 2Zaat- (30 


For the normal paraffins (except ethane and propane) the nonze 
2’s are 2), 29, 212, and 2. It is convenient to eliminate these, and alg tr 
£13, and 2,4, by means of eq 16, 17, and eq 27 to 30. Then eq 26 be 
comes 


G,=bo+nb+ 250b3+ 2444+ 2+ 2231D23-+ Zo41024-+ 2331033-+ Zuadsat eu 
where the new constants, the }’s, are related to the a’s by the equatio! 
bp = 2a, — 2a, + 2442— 3a 
b=a,+dn 
bs =a, — 2a, + ds — 2042 +-34;3— Ag 


* This is the scheme used by M. L. Huggins [5]. To simplify the problem, Huggins assumed that eu= 
@1;= 423, Nd G@y=G33. In the present treatment, none of the constants have been eliminated in this mano*. 
Huggins determined the remaining constants by means of the increment (normal to iso-) for selected ho 
logous series. The least squares treatment used here has the advantage that all the available dats is utili 
uniformly in fixing the constants. 
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| b,=2a, —3a_.+ a, — 2042+ 40,4,— 222 (35) 
; Mea bi, = — 20. + Oe (36) 
my bz = 12 — Ay3 — Ugg + Ag (37) 
ABP, bag = yg — yg — Ag + Ay (38) 

bs3 = 2042 — 2043 — dag + Ogg (39) 

b34= 2042 — Ah3 — Ag — ag + gy (40) 
cen, bug = 2042 — 204g — gg. + Oy. (41) 


All the members of a homologous series, except the first, have the 
same set of values for the 2’s in eq 31. This is in qualitative agreement 
with the anomalous behavior actually observed for the first members 
of such series. For the remaining members of a homologous series, 
« 31 predicts a linear variation of the property G@ with n, with a 
constant increment per CH, group of 6, the same for all series. In 
particular, for the normal series all the z’s in eq 31 vanish, and 


G,=bo+n,b. (42) 


From the present viewpoint, ethane (not methane) is the first 
member of the normal series, and is anomalous, with G=))+256+-6,;. 
Ifmethane were included in the present scheme, it would be assigned 
asingle and distinct constant, say dp. 

By subtraction of eq 42 from eq 31, the difference in value of the 
property G between the branched chain paraffin and its normal isomer 
(n=) is obtained: 


4G,= (Gi— G,) = 2363+ 2abg t+ 2udbut 
203 :D23 + Z24s024-+ 2331033 + 2sarDaa+ Zeus. (43) 


The term 2,;; 6;, vanishes for all the paraffins except ethane. 
As an illustration of eq 43, consider the 2,3-dimethy] series: 

















(30 Member | Compound AG 
onze First... | 2,3-Dimethylbutane._.__._.._. adecncsceudal Gn 
rd ls Second .| 2,3-Dimethylpentane nau -------------| Wa-bas-+das. 
n *, Third 2,3-Dimethylhexane._- ~------------| 2DaOag-+bns. 











The values of the 2’s in eq 43 are given in table 3 for each of the 70 
paraffin hydrocarbons, C; to Cy. 


Taste 3.—Values of the z’s in equation 48 for each of the 70 paraffins, Cs to Cy 
































Compound z3 % 223 mu 233 zu 24 
es 0 0 0 0 0 
| Se RR aba 1 0 1 0 0 0 0 
CO Oe ae 0 1 0 0 0 0 0 

CsHu 

ane 2907 pinta RA 0 0 0 0 0 0 0 
ae 1 0 1 0 0 0 i) 
1 0 2 0 0 0 0 
RNR Ce 0 : 0 1 0 0 0 
CCS rae 2 0 0 1 0 0 
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Taste 3.—Values of the 2z’s in equation 43 for each of the 70 paraffins, C; 
C,—Continued. 








Compound | =» | | m | om 
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oooo 
oooo 


2,2-Dimethyl pentane a 
2,3-Dimethylpentane....... , 
2,4-Dimethylpentane......... : SPOS 
3,3-Dimethylpentane__._..- oni inne 
2,2,3-Trimethylbutane..-__._. 


wn o 
ooco 


ooorso o9oSoSo 
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conwrKo 
onoc= 


—Onmns 
——Ooo- 
a a) 


> Methytbeptane. intitiaieindimindiaiigartiee teil inal 
RT eng Lbdidthadiiwadwnk oe | 
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wWroeweo 
ooosco 
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2.2-Dimethylhexane____. ; 
2,3-Dimethy Ihexane : 
2,4-Dimethylhexane.__. _. 
2,5-Dimethylhexane._.__. 
3,3-Dimethylhexane.__. 
3,4-Dimethylhexane___ 


> Reeteer Senypenane 
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4Trimethylpentane 
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2,6-Dimethylheptane....._..._- 
3,3-Dimethylheptane.._.....__- 
3,4-Dimethylheptane__...__.-. — 
3,5-Dimethylheptane_..-__-- 
4,4-Dimethylheptane..__. 


2-Methy]l-3-ethylhexane 
2-Methyl-4-ethylhexane . 
3-Methyl-3-ethylhexane . 
3-Methyl]-4-ethylhexane_-_ 
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oo-S 
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Equation 43 has been fitted by least squares (see also section II) to 
the same data as described above for AV™; ARp”, and ABP for the 
same 29 branched paraffins, C; to Cs. 

The boiling point is not an additive property in the same sense as are 
the molal volume and the molal refraction. However the degree of 
correlation of the boiling point is justification for treating it as such. 
[tshould be noted that even though @ is not strictly linear in n for a 
normal and a branched homologous series, AG is only slightly affected 
if the departure from linearity is approximately the same for the two 
gries. Actually ABP; for a homologous series shows a slow de- 
crease With increasing n, but this has been disregarded here because of 
the small range of n involved. AV and AR especially the latter, are 
nearly constant for a homologous series. The values of the constants 
bobtained for the paraffin hydrocarbons are shown in table 4. Since 
the compound 2,2,3,3-tetramethylbutane was not included in the 
orrelation, the value of 64 does not + pase in the table. The con- 
stants given in table 4 may be used with eq 43 to calculate the differ- 
ace in molal volume (to give density), molal refraction (to give the 
refractive index), and normal boiling point, between a normal paraffin 
hydrocarbon and its isomers. 


Taste 4.— Values of the constants to be used in calculating the difference in mola 
volume, AV™®, in molal refraction,» ARp™, and in normal boiling point, ABPr, 
between a normal paraffin and a given isomer (see eq 43) 





Constant For AV® | For ARp™*s| For ABP re 





ml/mole 
6.170 

. 308 

—. 137 
—. 259 
—. 425 
—. 644 




















The manner in which the 6 constants reproduce, by difference from 
the corresponding normal paraffin, the data on isopentane, 4 isohex- 
wes, 8 isoheptanes, and 16 isooctanes, is shown in table 2, in which the 
calculated and experimental values are compared, and is summarized 
in table 5, which gives the average deviation, the maximum deviation, 
ud the standard deviation, for the molal volume, density, molal 
refraction, refractive index, and boiling point. 


TABLE 5.—Repr 


oducibility of the selected “‘best’’ values of molal volume, density, 
molal refraction,* refractive index, and boiling point, for 29 isoparaffins, C;, to ro 
by means of 6 constants evaluated from the selected values (see eq 43) 


, 











Deviation 


Molal 
volume 
at 20° C 


Densit 
at 20° C 


Molal re- 
fraction 
at 20° C 


Refractive 
index 


at 20° C 


Boiling 
int 
at 760 mm 





ee ee ee 


Maximum 





ml/mole 
+0. 16 
-49 
+. 20 





+0. 00074 
- 0024 
+. 00008 


ml/mole 
+0. 013 
- 087 
=. 016 


g/ml 








"op 
£0. 00042 

- 0011 
+. 00050 





ee 


.71 
+0. 70 





*See eq 22. 
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The values of the constants given in table 4 were then used ty 
calculate values of refractive index, density, and boiling point fo 
33 isononanes (all the branched-chain nonanes except 2,2,3,3-tetrs. 
methylpentane which has 2 adjacent neopentyl groups. These Values, 
expressed as the difference between the value for a given isononane and 
normal nonane, are given in table 6. For 11 of these isonanes, ther 
were available accurate experimental data on refractive index, density 
and boiling point. For these 11 nonanes, the differences between the 
calculated and experimental values of density, refractive index, and 
boiling point, using the 6 constants evaluated from the data on the 
paraflinsC, to C, (see text and tables 4 and 5) are summarized in table 7. 


Tas.e 6.—Calculated values of the difference, between each of 33 isononanes®* ani 
normal nonane, of the density, d, at 20°C, the refractive index, np, at 20°C, and the 
boiling point, BP, at 760 Hg (see eq 43 and table 4) 





























Ad=d (iso)— (Anp=np (iso)— ABP= = BP (s . 
Compound d (normal) mp (normal) BP (n 
g/ml | | oa 
n-Nonane 0. 0000 | 0. 0000 0 
2-Methyloctane. —. 0043 —. 0024 | —&4 
3-Methyloctane....._._. 0029 . 0008 -73 
4-Methyloctane......... -- . 0029 . 0008 -12 
3-Ethylheptane..._.__. ¢ 0104 . 0041 —§ 
4Ethylheptane............. . 0104 . 0041 —§ 
2,2-Dimethylheptane. —, 0074 —. 0042 | —}8 § 
2,3-Dimethylheptane.___ . 0090 - 0034 | 07 
2,4-Dimethylheptane. —, 0014 | —. 0017 | 13 
2,5-Dimethylheptane.___ —. 0014 | —. 0017 —}3 
2,6-Dimethylheptane...... —. 0086 | —. 0049 —16.5 
3,3-Dimethylheptane .. __. . 0076 | . 0027 -13 
3,4-Dimethylheptane. 0166 | 0068 -2 
3,5-Dimethylheptane.__. 0059 | . 0016 144 
4,4-Dimethylheptane _. 0076 | . 0027 | ~13 
2-Methy1-3-ethylhexane _. . 0166 | . 0068 —§ 
2-Methy]-ethylhexane..___ . 0059 | . 0016 | —iM4 
3-Methyl-3-ethylhexane.._. . 0233 | . 0099 | -1.2 
3-Methyl+-ethylhexane_____. . 0243 0102 | 
| 
2,2,3-Trimethylhexane ___- . 0131 . 0051 | —15 
2,2,4-Trimethylhexane ___ —. 0045 | —. 0035 | -% 
2,2,5-Trimethylhexane ____ _. —. 0117 | —, 0066 | —27.2 
2,3,3-Trimethylhexane ____ _. 0212 | . 0090 | ~11.3 
2,3,4-Trimethylhexane._. _ 0229 | . 0005 -| 
2,3,5-Trimethylhexane_.__ . 0046 | . 0009 | - 
2,4,4-Trimethylhexane _ - 0032 | . 0002 | —214 
3,3,+ Trimethy lhexane meccece . 0290 , 0125 | — W. 1 
| | 
3,3-Diethylpentane....__ -- § . 0397 | . 0175 | -L4 
2.2-Dimethy]-3-ethylpentane. 4 . 0208 | . 0086 —14.7 
2,3 Dimethy!-3-ethylpentane - -- . 0375 . 0165 —5.5 
2,4-Dimethy]-3-ethylpentane. _ - . . 0229 | . 0095 —1l 
2,2,3,4-Tetramethylpentane ____ . . 0194 . 0079 | —1h4 
> 2,2,4,4-Tetramethylpentane.. —. 0146 | —, 0084 | —37.6 
2,3,3,4-Tetramethylpentane__. . 0352 - 0156 | —0.6 





® 2,2,3, afetmmetetpentens not included. 
> See section V. 





TaBLE 7.—Differences between calculated and experimental values of densily, 
refractive index, and boiling point, for 11 branched-chain nonanes for which 
accurate experimental data were available (see eq 43) 




















| 
Refractive Boiling 
Deviation yy! index at point st 
. ac | tomn 
| 
g/ml Rp °¢ 
he | +0. 0015 20.0008 + 
Maximum. * 0038 
Standard (of a single value)_- + 0018 + on +1 
/ 
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The constants given in table 4 may be used with eq 43 to calculate 
by difference from the corresponding normal isomer, values of refrac- 
ve index, density, and boiling point for the higher paraffins (including 
canes, undecanes, dodecanes, etc.), except those having two neo- 
wntyl groups once (adjacent) or twice removed from each other. 
The values of density and refractive index would apply, of course, to 
he liquid state at 20°C. (However, in calculating boiling points, 
siowance should be made for the slow decrease of ABP for a homol- 
wous series with increasing number of carbon atoms.) 

After the values of the constants, the 6’s, have been obtained by 
he correlation of the data (b, and 6 may be obtained from the limiting 
Knear relation approached by the normal series), it is of considerable 
interest to inquire how much information may be obtained concern- 
ing the original constants characterizing the component parts and 
interactions of the molecule, the a’s. It should be remembered that 
e b’s are to some extent arbitrary, since they depend upon which 
’s are eliminated from eq 26. This latitude does not, of course, 
fect the correlation of the data or the values calculated from the 
mstants. However, from a fundamental viewpoint, the a’s are 
nore simply defined and of more interest than the b’s. 

First, it is clear that eq 32 to 35 may be solved for a, a3, a3, and 
,, provided the a,,’s (interactions) are known. For the determina- 
ion of the 10 a,,’s there are available only six equations, 36 to 41. 
\ctually, in the present case, only four equations, 37 to 40, are avail- 
ble for the determination of 8 a,,’s, since b,, and 64, were not deter- 
mined. Therefore, it is not possible to determine the a,,’s without 
be introduction of some additional conditions. The reasonable 
ssumption that will be made is that a,, is a simple function of the 
ndices r and s, so that it may be represented by a few terms of a 
bower series (symmetrical) in r and s: 


n= (hothirthe?+ . . . )+(othsthes?+ ... )+ 
[ki (rs) ++ko(r’s+rs?)+ ... ]. (44) 


Furthermore, only the cross-terms between r and s need be retained, 
ince the terms in powers of r alone and s alone, may always be as- 
signed to a, and a,, respectively (that is, only the cross-terms repre- 
wut true interactions”). Therefore, a,, may be written 


Gyy=k, (rs) +k, (r’s+rs*)+ ... (45) 


Jn substitution of eq 45 into eq 36 to 41, there are obtained the follow- 
ng set of equations for the determination of k,, k,, . . . (it may be 
marked that the terms in eq 44 in r alone, and s alone, would vanish 
1 this substitution): 


Sed to 
nt for 
-tetra- 
ralues, 
ne and 
, there 
*nsity, 
en the 
x, and 
yn the 
able 7, 


es * and 
and the 


BP(ip * 
norma! 
°C 
0.0 
—h4 


-~7% 


lensily, bik, +6%, +... (46) 
whach b3=k, +8k, -t- . 's (47) 
by =2k,+18k2+ ... (48) 
bss=3k,+26K.+ ... (49) 
by =5k,+48k.+ ... (50) 
byu=8k,+84k.+ ... (51) 


viling 
int at 
) mm 





' However, it should be recognized that the assignment of the indices 1, 2, 3, and 4 to the CHs, CHs, CH, 
ad C groups is arbitrary. Any linear transformation of the indices, of the form ae: s’ =a+@s yields 
bequally valid set of indices. If a,, is expanded in a power series in the generalized indices, r’ and s’, and 
and s’ are then replaced by (a+r) and (a+s), powers series of the same form as eq 44 and 45, are 
btained, but Ae, Ai, As, ..., amd ki, ks, ..., me functions of a and 8. However, it is obvious that 
te values of the numerical coefficients in eq 46 to 51, which are the essential result of the present discussion, 
wchanged, 
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It has been found that when the 6’s from table 4, for AV™, aR.» 
and ABP. are substituted in eq 47 to 50, these four equations a, 
approximately satisfied when oily the first constant &,, is retaine 

ery little improvement is effected by retaining also k,. Thus ; 
only k, is retained, the least-squares value of k;, is 


er Pa Bet Set Dn) 
,_= 1?7+-2?+-3?+ 5? ? 
and the calculated values are 














— 
Property Value of k; 
- “7 
Pn gg TES FORTE —1.98 ml/mole. 

\ \ SSPE —0.132 ml/mole 
ila RE 32°C | 





The values of the 5’s calculated from these values of k, are compared 
with the observed values in table 8. The agreement is not as good 
for ABP, as for AV™ and AR,” 


TABLE 8.—Comparison of the observed values of the constants (b’s) and the val 
calculated from the first term of equations 46 to 61 


— - - = =x 
































av» ARp™* SBP rm 
Constant —— 
Observed | Calculated | Observed | Calculated | Observed | Calculated 
Pahl alin s + {a thee dat —|— 
mljmole | mijmole | mi/mole | mi/mole oo | 
Tb Meontldanddbodletdecteccndinateddeneel —1,98 |_..._. eget —O, 132 |.......- Seni 
eit I ae —1. 82 —1.9 —0. 137 —. 132 1.2 
St ere —3.74 —3.96 —. 259 —. 264 5.8 
Rae OETT ES CU ee —6. 22 —5.94 —. 425 —. 396 8.3 
NERS etr tee <1 fet —9. 89 —9. 90 —. 644 —. 660 17.1 
RTE OTR ieee ABE Sp EE Misecccneated my | tea eat 
* See eq 22. 


IV. APPLICATION TO MONOOLEFIN HYDROCARBONS 


In applying the present method to the monoolefins, the quantity 
correlated was the value of the given property for a given monoolefin 
less the value for the parent paraffin. This difference will be denoted 
by AG. The parent paraffin hydrocarbon is defined as the parafi 
with the same carbon skeleton as the olefin; in other words, replace 
ment of the double bond in an olefin by a single bond yields th 
parent paraffin hydrocarbon. Obviously several olefins may havé 
the same parent paraffin. 

This approach is useful because the data on the paraffin hydr 
carbons are more complete and more accurate than the data on thé 
monoolefins. Thus the data on the octanes, which are now com 
plete, provide the basis for the calculation of the properties of thé 
octenes, for many of which the data are missing or quite inaccurate 

In the correlation of the paraffin hydrocarbons the Lorentz molt 
refraction, defined by eq 22, was used. Because of the labor involv 
in calculating the Teronen refraction, it was decided in the case © 
the monoolefins to use the Gladstone-Dale type of molal refraction 
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 AR,* Rp® = ,(np”—1 53 
ti p= am (n5—1), (53) 
sey hich was used by Huggins [5, 6]. It is probable that in either case 

- the correlation leads to essentially the same calculated refractive 


indices. 
The correlation of the increment of the molal volume at 20° C, 
(52) \V®, the increment of the molal refraction for the D line at 20° C, 
4R,”, and the increment of the boiling point at 760 mm, ABP, has 
heen carried out for 58 monoolefins, C; to C; (the only compound of 
the 59 in the C,; to C; range omitted was 3,4-dimethyl-1-pentene, for 
hich no data were available to the authors). 

The values of these properties for the monoolefins, and for the 
arent paraffin hydrocarbons (C; to C;), were taken from the tables 
of the American Petroleum Institute Research Project 44 as of 
September 30, 1943. 

These data, expressed as the difference between the values for a 
given MOnoolefin and the corresponding paraffin with the same carbon 
skeleton, are given in table 9. 

The simplest scheme for the correlation of AG would be the as- 
ignment of a single constant for the contribution of the double bond. 
The least squares value of the constant is then the average value of 
4G for the 58 monoolefins. The average value of AV”, AR”, and 
ABP») are shown in table 10, together with the maximum deviation 
ofasingle value, and the standard deviation (of a single value). 

In order to improve the representation of the data, the double 
bonds may be divided into classes in a suitable way, and a constant 
assigned to each class. The classification chosen here depends on 
the number and location of the attached alkyl groups (indicated by 
R), as shown below:* 






























as =) 


the value 











» Type I...1............ HC =CHR 
Type If..-............ RHC=CHR 
Type TIT... — gain H,C =CR, 
30NS Type IV---- .-.-.---. RHC=#CR, 
Type V___. ...---. RSC =CR, 
uantity ARSE es Ae ees 
noolefin 
denote@ In each type except type J it is possible for geometrical (cis- and 
paraulirans-) isomers to occur, with comparatively small differences in 
Y . physical properties. In all the present calculations geometrical 


somers were treated as distinct compounds (of the same class), so 
that the constants derived refer to an average value for cis- and 
fans-isomers. The same result would be obtained by averaging the 
properties of the two isomers and then giving it a weight of two in 
he calculations. The decision not to distinguish cis- and trans-iso- 
mers in the calculations was made because the cis-trans difference 
does not appear to be very regular, and is, for all except a few com- 
ands, of the same order as the uncertainty of the experimental 
ta. 
The average values of AV”, ARP, and ABP» for each of the five 


‘See reference [8] and the references given therein. 
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TaBLe 10.—Reproducibility of the selected “‘best’’ values of molal volume, mol) 
refraction,* and boiling point for 58 monoolefins by means of 1 constant (for each 


property) 














' " | 7 — 
| 4V™ | ARo** | ABP, 
} 
Qa | | _ 
mi/mole | ml/mole | °C 
Average value... _.. : : . ae —6. 75 | —0. 36 | ~L% 
Maximum deviation. ---. — bea —" 4.77 | 0. 81 16.9 
Standard deviation (of a single value) . +1. 66 | +0. 29 | +48 
| | 


* See eq 53° 


classes are shown in table 11. These are the least squares values of 
the corresponding constants. There is also given the standard 
deviation (of a single value) for each property, for each type, and 
also for the entire group. The latter figure represents the error when 
the 58 olefins are correlated with these 5 constants and should be 
compared with the standard deviation in table 10 for 1 constant 
The improvement is greatest for ABP. and least for ARP. 


TaBLe 11.—Reproducibility of the selected “‘best’’ values of molal volume, mola! 
refraction,* and boiling point for 58 monoolefins by means of 5 constants, 1 for 
each type (for each property) 

















i avn ARp*«s | SBP 
Ea Be le Cito . 
Type | of com- 
| pounds | Average Devia- | Average | Devia- | Average | Dev 
value tion value | tion value tion 
i } ' 
| mil/ mole | mi/mole | mi/mole ml/mole | aT 
I 13 —4. 83 +1.02 | —0. 54 +0. 14 | —6.91 +1 
II 20 —6.72 | +0. 75 | —.33 +.22| —2.04 +1.M 
lil 10 —7.13 +1.08 —. 51 +. 26 —0. 13 4 
IV 13 —7. 93 +1. 42 -.17 +. 25 2.87 
Vv 2 —10.22| +1.2%6 +.19 | +.32 | +11.24 +4 
| | 
I to V.. | 58 | +1.07 +0. 22 +2. 
| ] 
*See eq 53, 


The five constants introduced above take account only of the 
number and location of alkyl groups about the double bond. Hovw- 
ever, as has been pointed out by other workers, the properties of : 
monoolefin are affected considerably by branching of the alkyl groups 
In order to take some account of this effect, without introducing too 
many complications, it was decided to consider only branching on 
carbon atoms adjacent to the two doubly bonded carbon atoms 
The constants were defined in the following way. 

Let 21:, 2a . - - » 2v¢ be the number of double bonds of types |, 


II, . . . , V in the ith monoolefin, and let a;, ay, . . . , ay be the 
contributions of each type of bond to AG. Obviously, for each 
monoolefin one of the numbers 2;, zy, .. . , 2y is unity and the re- 


maining four are zero. In spite of this apparently trivial reduction, 
the formalism is convenient in the least squares solution. In addi- 
tion, let 2,;, 224, 23,, and 2, be the number of primary, secondary, 
tertiary, and quarternary carbon atoms, respectively, adjacent to the 


* See reference [8] and the references given there. 
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two doubly bonded carbon atoms in the ith monoolefin, and let a,, 
a;,, and a, be their contributions to AG. Then AG,, for the ith 
anela fin may be written 


AG = 21g + 2a t Zit 21y day + Zy y (54) 
+ 244, + Zola t Za 4g + 21. 


It is easily seen that one redundant z has been introduced, which 
may be eliminated from the relation 


Zab Zor eget Zee 2tet 22m tt 22+ 821i t 42vi. (55) 
If z, is eliminated, AG, becomes 
AG, = 21¢b1 + 2ndbut 2mmedbrt Arvibry + 2veby + Zocb2+ 2aedst Zarbs, (56) 


where the new constants, the b’s, are related to the a’s by the equa- 
ons 


b;=a,+a, 

nay +2, 
bur = Gin + 20, 
bry= ayy +3a, 
by=ay+4a, 
b,=a,—a, 
b;=a,;—a, 
b,=a,—a, 


The following reductions in the coefficients of the normal equations 
see eq 9) facilitate the solution for the least squares values of the 
constants (¥ indicates summation over the entire group of monoole- 


fins, >, over those of type I, ete. 


2oAt= 212 Zi,= Dox (1), ete., (58a) 


2o212ni==9, etc. (58b) 


That is, the sums in which only one roman subscript occurs are equal 
to the number of olefins of the corresponding type, whereas the sums 
i which the roman subscripts are different all vanish. As a result 
the normal equations are easily reduced to three simultaneous linear 
equations for bs, bs, and },, after which 6;, by, . . . , by are obtained 
from separate equations. 

The values of the 6’s corresponding to AV™, AR>”, and ABP x9, 
obtained by fitting eq 56 by least squares (see also section II) to the 
data on the 58 monoolefins, are given in table 12. 
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TABLE 12.—Values of the constants to be used in calculating the difference in mola) 
volume, AV™, in molal refraction,* ARp™, and in normal boiling point, ABP. by. 
tween a given monoolefin and the corresponding paraffin hydrocarbon having th 
same carbon skeleton (see eq 56) 


= —- == 
Constant For AV® |For ARp™*| For ARP, 











mi/mole | mil/mole | Cc 
—6. 57 | —0.72 | 3.4 
—8. 66 —. 51 | +14 
~—9. 26 . +3. 9 
—9. 45 . 32 | 
— 10.74 ll 
+1. 05 | 16 | ~L& 
+2. 39 | .0 5.5 

a | 








* See eq 53. 


The manner in which eq 56 and the constants of table 12 reproduce, 
by difference from the corresponding parent paraffin hydrocarbon, the 
data on 58 monoolefins, is shown in table 9, in which the calculated 
and experimental values are compared, and is summarized in tables 13 
and 14. Table 13 shows, for V™”, Rp”, and BP go, the standard devi- 
ation (of a single value), for each type of olefin, as well as for the 
entire group. Table 14 shows, for the entire group of 58 monoolefins, 
the average deviation, the maximum deviation, and the standard 
deviation (of a single value) for each of the 5 properties: V”, d 
R,*. Np”, and BP 2. 


TABLE 13.—Reproducibility of the selected “‘best’’ values of molal volume, mola! 
refraction," and boiling point for 58 monoolefins by means of 8 constants (se 


| 
| 
| Number of 





compounds 
| 


| mi/mole | mijmole | 

3 | +0. 54 +0. 16 | 
+0. 53 +. 18 

+1. 19 | +. 28 | 


+0. 84 | +. 59 | 


* See eq 53. 
TABLE 14.—Reproducibility of the selected ‘‘best’’ values of molal volume, density 


molal refraction,* refractive index, and boiling point for 58 monoolefins by means 
of 8 constants (see eq 56) 








Deviation 








ml/mole | g/ml mi/mole | 
Average _ dietens +0.56 | +0,0031 +0.15 |; +0.0020 
Maximum f od : ; 1. 89 . 0097 4 | 0073 | 
Standard (of a single value) : ' +0. 71 +. 0038 +0. 20 | +. 0025 








* See eq 53. 


Values of AV™, AR>™, and ABP, obtained from eq 56 and the 
constants in table 12, were also calculated for the 66 octenes (ci- 
and trans-isomers are not distinguished by the present method 0! 
calculation) and these values are given in table 15. 
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V. DISCUSSION 


It is to be noted that, in the preceding treatments, no account has 
been taken of interactions between parts of the molecule which arp 
not directly bound, as is the case in the 2,2,4,4-tetramethyl structure 
It can be seen from scale models of such molecules that an appreciab|. 
amount of interaction may exist between parts of the molecule which 
are not bound directly. For these and similar structures, therefore. 
one or more additional constants must be introduced in order to mak: 
a reliable calculation of the value of a given property. One way of 
deducing the existence of significant interactions between groups not 
directly bound to one another is to note any extreme differences be. 
tween the actual values of the properties of a given molecule and the 
values that are calculated on the assumption of no interaction between 
groups not directly bound to one another. 

It may be well to remark that the Lorentz expression for the molal 
refraction has a theoretical foundation and that it is possible to con- 
nect the parameters evaluated in this paper with the optical properties 
of the valence electrons of the hydrocarbon molecules. The param- 
eters evaluated in connection with the molal volume and boiling 
point are essentially empirical since these phase properties depend not 
only on the properties of single molecules but also largely on the inter- 
actions between molecules. 
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SEPARATION AND DETERMINATION OF AROMATIC AND 
MONOOLEFIN HYDROCARBONS IN MIXTURES WITH 
PARAFFINS AND NAPHTHENES BY ADSORPTION’ 


By Beveridge J. Mair 


ABSTRACT 


A new method is described for separating and determining aromatic and mono- 
olefin hydrocarbons in mixtures with paraffins and naphthenes by adsorption. 
The mixture to be analysed is introduced into the top of a column of silica gel 
and, when the liquid level just reaches the top of the silica gel, a suitable desorbing 
liquid, such as ethyl alcohol, is added. The desorbing liquid forces the hydro- 
carbon portion down the column, during which passage the hydrocarbon portion 

is fractionated according to the adsorbability of the various components. These 
components issue from the bottom of the column in the following order: Paraffin 
plus naphthene, monoolefin, and aromatic hydrocarbons. The analysis is made 
by determining the fraction of the total volume constituted by each of these 
classes. 

Results of the analyses of five solutions containing aromatic and paraffin 
hydrocarbons, and three solutions containing aromatic, monoolefin, and paraffin 
hydrocarbons’ are given. A procedure is outlined for determining ‘the aromatic 
content of a straight-run petroleum distillate, as in the gasoline or kerosine frac- 
tions 
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I. INTRODUCTION 


This report describes a new method for separating and determining 
aromatic and monoolefin hydrocarbons in mixtures with paraffins and 
naphthenes by absorption. In comparison with the method previously 
reported for the determination of aromatic hydrocarbons by adsorp. 
tion [1]*, the method described here is simpler and more accuratp 
because it involves no calibration of the adsorbents with the hydro. 
carbons involved. ’ 


II. GENERAL DESCRIPTION 


This method is a development of the Tswett or chromatographic 
method of analysis [2, 3]. The sample to be analysed (a mixture of 
aromatic, monoolefin, and paraffin plus naphthene hydrocarbons) js 
introduced into a reservoir at the top of a athena of silica gel. When 
the sample has completely entered the adsorbent, an appropriate 
desorbing liquid, such as ethyl alcohol, is added to the reservoir 
The desorbing liquid forces the hydrocarbon portion down the column 
during which passage the hydrocarbon portion is fractionated and 
separated into three contiguous zones according to the adsorbability 
of the components. The lowest zone contains the naphthenes and 
paraffins, the middle zone the monoolefins, and the top zone th: 
aromatic hydrocarbons. The liquid issuing from the bottom of the 
column is collected in appropriate small fractions, with the experiment 
being terminated as soon as substantially pure desorbing liquid issues 
The volumes and refractive indices of the fractions of filtrate are 
determined, and a plot of the refractive index of the filtrate as 1 
function of its volume is made. From this plot, the volume and per- 
centage by volume of each of the three groups of hydrocarbons, (a 
paraffins plus naphthenes, (b) monoolefins, and (c) aromatic hydro- 
carbons, are determined. 


III. APPARATUS AND MATERIAL 


An apparatus which may be used for this method of analysis is 
shown in figure 1. The apparatus, made of Pyrex glass, consists es- 
sentially of the reservoir, , sealed to the column proper, which itself 
consists of a section, F, sealed to a section of smaller diameter, /. At 
the bottom of section J is sealed a sintered glass plate, J, of medium 
or fine porosity, which serves to retain the silica gel, G. Below J 's 
stopcock K and the ground joint, Z (standard taper 19/38), through 
which the graduated receiver O is attached. The diameter of th 
bore of the stopcock plugs, K and P,is2 mm. The outside diamete! 
of the outlet, N,is6 mm. Misa capillary vent. The volume of the 
tube between the sintered plate, J, and stopcock K is 2.0 ml.’ . 

It is desirable to have two receivers, one with a capacity of 1.! mi, 
graduated to 0.01 ml with 0.001 ml estimated, the other with ® 
capacity of 11 ml, graduated to 0.1 ml with 0.01 ml estimated. To 


*Figures in brackets indicate the literature references at the end of this paper. ; 

2 When stopcock K is closed for the measurement and withdrawal of a fraction, liquid and noncondensi®! 
gas collects in this space and the pressure produced may cause leakage of the stopcock if this space is \ 
small. On the other hand, this space should not be too large, as this increases the hold-up. It is necesssr) 
also that the plug of the stopcock be held firmly in its shell with spring clamps or other device 
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aromatic and monoolefin hydrocarbons with paraffins and naphthenes. 


See the text for the significance of the letters, and see table 1 for the dimensions of the various parts. 
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the vent, M, of the 1.1-ml receiver it is desirable to attach a rubber 
tube through which gentle suction or pressure may be applied to 
dislodge gas bubbles, which are occasionally entrapped in the receiver 
To the top of the reservoir, EZ, is sealed the spherical ground join 
(18/9), D, which is in turn connected through the soldered metal]-to. 
glass joint C [4], with the flexible copper tubing (% in. o. d.), B 
through which pressure is applied to the system. It is also necessary 
that a source of inert gas pressure of from 25 to 50 lb/in.? be available 
For this purpose a cylinder of nitrogen or carbon dioxide with 
pressure regulating valve is satisfactory. The column shown ip 
figure 1 is provided with a jacket, H, through which cooling water 
may be passed. This provision is essential for the analysis of mixtures 
containing monoolefins, and further is desirable for the analysis of 
mixtures of aromatics with naphthenes and paraffins if these mixtures 
contain appreciable amounts of volatile components such as pentane 
or isopentane. For mixtures of aromatics with naphthenes and 
paraffins, and in the absence of very volatile components, refrigeration 
is unnecessary. 

The dimensions of the column recommended for the analysis of 
mixtures containing only aromatic hydrocarbons are different from 
those recommended for the analysis of mixtures containing sub- 
stantial quantities of monoolefins. The dimensions of the various 
parts of the apparatus for these two cases are given in table 1. Asa 
safety measure, because of the pressures valved. it is desirable to 
mount the adsorption column in the shield, Q. This shield should 
surround the front and sides of the adsorption column, and should 
provide for the observation of the front of the column. A satis- 
factory shield may consist of a strip of safety glass in a suitable frame 


TABLE 1.—Dimensions and capacities of adsorption apparatus for (A) mixture 
containing aromatic hydrocarbons with — and naphthenes and (B) miz- 
tures containing aromatic and monoolefin hydrocarbons with paraffins and 











naphthenes 
Mixture 
A B 
Approximate mass of adsorbent (silica gel) g 160 150 
Volume of reservoir ml 200 mm 
Section F, inside diameter mm 22 15 
Section F, inside length mm -.| 500 75 
Section I, inside diameter mm 10 10 
Section I, inside length. mm..| 750 1000 
Receiver 1, volume ml..| 1.1 1.1 
Receiver 1, length mm 200 200 
Receiver 1, graduations ml__| 0.01 0. 0 
Receiver 2, volume... ml 11 
Receiver 2, length _ . mm__| 200 
Receiver 2, graduations ml__| 0.1 


The adsorbent used is silica gel (see section 1V—1, c). The desorb- 
ing liquid may be ethyl alcohol (see section IV-1,e). A refractometer 
having a precision of about 0.0001 is required for the determination 
of the refractive indices of the filtrate fractions. The refractometer 
preferably should be equipped with a slot to permit the introduction 
of volatile fractions without opening the prisms. 
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IV. METHOD AND RESULTS 


|, AROMATIC HYDROCARBONS IN MIXTURES WITH PARAFFINS 
AND NAPHTHENES 


(a) PROCEDURE 


The appropriate adsorption column (see table 1) is filled with silica 
gl and packed by tapping throughout its length with a rubber- 
covered wooden rod. ‘The packing and filling is continued until the 
level of silica gel decreases less than 5 mm in 5 minutes of packing and 
the final height of the silica gel is about 2 to 5 cm below the bottom 
of the reservoir. The time required to pack a column is about 20 
minutes. If the column is not to be used immediately, the silica gel 
is closed off from the moisture of the atmosphere. The column is 
then mounted in the shield, Q, and the receiver attached. 

For the concentration range 0 to 80 percent by volume of aromatic 
hydrocarbon, a volume of solution sufficient to contain about 20 ml 
of aromatic hydrocarbon is used for each analysis, except that not 
less than 30 ml nor more than 125 ml of solution is used. For the 
concentration range 80 to 100 percent by volume of aromatic hydro- 
carbon, the solution preferably should be diluted with one-fifth its 
volume of an aromatic-free paraffin, naphthene, or paraffin-naphthene 
mixture, and a 30-ml portion of this diluted solution used.* The 
volume selected for the analysis is introduced into the reservoir. 
The smaller volumes may be introduced with a pipette, which can be 
inserted through the neck of the reservoir, care aoe taken not to 
wet the upper portion of the reservoir. Pressure of 5 to 10 |lb/in.? is 
then applied. When the sample has completely entered the silica gel 
which should take about 10 to 20 minutes for the 30- to 50-ml 
portions), the pressure is reduced, the reservoir opened, and a layer 
of | to 2 em of silica gel added. The reservoir is then filled with ethyl 
alcohol and the necessary pressure applied, which is 15 to’50 lb/in.?, 
depending on the particle size of the silica gel and the viscosity of the 
hydrocarbon portion and desorbing liquid (sections [V-1, c and 1, d). 
When a fraction has collected in the receiver, the flow from the adsorp- 
tion tube is interrupted by closing the stopcock. The volume in the 
receiver is measured and the fraction withdrawn. A standard pro- 
cedure should be adopted for measuring and withdrawing fractions. 
About 40 seconds should be allowed for the upper parts of the receiver 
to drain before the volume is read and an equal interval allowed for 
drainage after the withdrawal of the bulk of the fraction before the 
stopcock on the receiver is closed.‘ 

In cases where from 30 to 50 ml is used for the analysis, a receiver 
of 1.l-ml capacity is sufficient, and all the fractions may be taken 
approximately equal to 1 ml. For the more dilute solutions, where 
more than 50 ml is used for the analysis, the collection of so many 
fractions is tedious and an 11-ml receiver may be used to collect 
fractions until close to the point where it is estimated that aromatic 
‘For solutions containing appreciably more than 80 percent by volume of aromatic hydrocarbon, the 
volume intermediate between the aromatic and nonaromatic portions is more than the 1 to 2 m1 customaril 
tained with more dilute solutions and with the appropriate silica gel (sections IV-1, cand1,d). Int 
instance, the liquid front is a very short distance from the boundary between the aromatic and nonaromatic 
portions, and the heat of wetting is not dissipated before that boundary reaches the warm region. It may 
ve that convection produced by the thermal gradient is responsible for this lack of sharpness in the ‘‘break 
vith very concentrated solutions. In some cases no fraction completely free from aromatic material is 
produced, and it is for this reason that concentrated solutions should be diluted before analysis. 

‘If stopeock K is opened too rapidly, gas bubbles may be trapped in the 1.1 ml receiver. In this event, 


aeeeek may be closed temporarily and the bubbles displaced by applying suction to the rubber tube 
to M. 
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material will appear in the filtrate. At this point, it is necessary jo 
change to a 1.1-ml receiver.’ When a sufficient amount of the de. 
sorbing liquid has collected the experiment can be discontinued.’ |; 
is not necessary to determine the refractive index of every fraction, 
only the refractive indices of those fractions required to locate the 
plateaus (see fig. 3), and the breaks between them need be determined. 
The volumes of the components are then determined and the volume 
percentage computed by using for the total volume the volume of 
material actually recovered. 

During the experiment the pressure should be adjusted so that 
the rate of flow of filtrate from the column does not exceed about 
40 ml/hr when the 11 ml-receiver is used and about 20 ml/hr when 
the 1.1-ml receiver is used. Rates of flow much higher than these 
values do not leave adequate time for drainage and the precise de- 
termination of the volume of the filtrate fractions. As the rate of 
flow decreases as the experiment progresses and ethy! alcohol substi- 
tutes itself for the original hydrocarbon portion (section IV-1, d). 
a constant pressure throughout the experiment will give (for solutions 
of low aromatic content) rates of flow of about 30 to 40 ml/hr at 
the beginning of the experiment and of about 20 ml/hr toward the 
end of the experiment. The total time required for an experiment 
varies from about 3 hours for solutions of high aromatic content to 
about 6 hours for solutions of low aromatic content. Of this time 
about 1% to 2 hours is required for the liquid to reach the bottom of 
the column and about 1% to 4 hours for the collection of the fractions 
of filtrate. 

After an experiment, the adsorbent is found to be tightly packed 
in the column and cannot be removed by simple tapping. Flushing 
with water will, however, readily remove the adsorbent. To do 
this, the column is placed in a reclining position with the top slightly 
lower than the bottom. A metal tube, which is flexibly connected 
to the water main and from which a stream of water is issuing, is 
then inserted in the column and gently forced throughout its length. 
The silica gel is displaced and flows with the water out of the column. 

In future work, it is intended to reactivate the silica gel in the 
adsorption column. This will save the time required for packing 
and unpacking the column and will have the further advantage that 
the silica gel will not come in contact with the moisture of the atmos- 
phere during the filling operation. Reactivation of the silica gel 
is accomplished by heating it to 180° to 200° C in a slow stream 
of inert gas. 

(b) DIMENSIONS OF THE ADSORPTION COLUMN 


A number of adsorption columns of different dimensions were tried 
in preliminary experiments with lot II of silica gel (see section [V-1,¢). 
These included long narrow columns (260 cm long, 0.9 em inside 
diameter) and short wide columns (76 cm long, 2.2 cm inside diameter). 
Satisfactory results were obtained with the long, narrow columns, 
the volume of material intermediate between the nonaromatic and the 
aromatic portions being small and amounting to about 1 to 2 ml. 
However, this length of column is cumbersome to handle (particularly 
~§ Where only one receiver is used and where approximately the same size of fraction is withdrawn through 
out, it is not necessary to know the absolute volume of the receiver. Where two receivers are used it 5 
necessary to know the volume of one in terms of the other. 


* As stated in section [V-1, e, it is possible to see the ney ay Be sean the desorbing liquid and the 
hydrocarbon portion. About 3 m! should be collected after this boundary has passed out of the columz 
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in removing the silica gel), and a considerable time is required for the 
jydrocarbon portion to reach the bottom of the column. With the 
hort, wide column the volume of material intermediate between the 
jonaromatic and the aromatic portion is comparatively large, and a 
pure aromatic portion is not obtained. The column finally selected 
or this method of analysis consists of two sections sealed together, 
the upper section being 50 cm long and 2.2 cm inside diameter and the 
wer section being 75 cm long and 1.0 cm inside diameter (see table 
i). This column, when used with silicia gel of proper particle size, 
has a capacity and fractionating length sufficient to separate about 
») ml of aromatic hydrocarbon from mixtures with aromatic contents 
fom 20 to 100 percent by volume and somewhat less than 20 ml for 
lower concentrations. Under these conditions, the volume of material 
intermediate between the aromatic and nonaromatic portion is usually 
fom 1 to 2 ml for solutions containing less than 80 percent by volume 


of aromatic hydrocarbon.’ 
(c) EFFECT OF PARTICLE SIZE OF THE ADSORBENT 


Experiments were performed with four lots of silica gel. Three 
of these lots were used as received from the manufacturer. The 
sumber given by the manufacturer to designate the type of silica 
vel, together with the particle size are recorded below for these three 
lots. The fourth lot was prepared in this laboratory by further 
eatment of lot ILI. 





| Manufactur. | Particle size * (U. 8. Standard Sieve) 
jer’s * designa 





| 659528—2000 | No. 28 to No. 200. 
.-| 6595150— 100% through No. 150, 41% through No. 325. 
| 6595 150— 100% through No. 150, 0% through No. 325. 





Experiments with lot I showed that this material, with the natural 

rate of flow obtained with no external pressure, was too coarse to 

give satisfactory results. The break between the aromatic and the 

sonaromatic portion was not sharp, and the aromatic portion was 

not free from nonaromatic material. Lots II and III differed con- 

weeny ! in the distribution of their particle size, as indicated. The 
Oy) 


vcond lot of adsorbent was satisfactory at all rates of flow tested 
see section 1 V—1, d), the volume intermediate between the nonaromatic 
ud the aromatic portion amounting usually to not more than 1 or 
2ml. The third lot of silica gel was not satisfactory at any rate of 
low tested (see section IV-1, d*; the break between the aromatic 
ind nonaromatic portions was not sharp and the aromatic portion 
contained some nonaromatic material. That the unsatisfactory be- 
havior of lot III was due entirely to its lack of very fine material was 
established by determining first that the adsorptive capacity of lots 
ll and III were essentially the same, and then by grinding some of 
lot III, reactivating the ground material,” and thereby preparing lot 
IV, which proved to be as satisfactory as lot III." 


—_—-uuce—q— 

See footnote 3. 

‘Davison Chemical Corporation, Baltimore, Md. 

'The values for the No. 150 sieve are the manufacturer’s specifications, whereas the values for the No 
25 sieve were determined by the Bureau’s Cement and Concreting Materials Section. 

* Necessary only to remove moisture adsorbed during the grinding process. 
_" Silica gel with satisfactory characteristics may be obtained from the Davison Chemica) Corporation, 
Saltimore, Md., under the number “6595150—50% through No, 325.” 
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(4d) EFFECT OF RATE OF FLOW 


The rate of flow depends on the particle size of the adsorbent, the 
density of packing of the column, the viscosity of the hydrocarbo, 
sample, the viscosity of the desorbing liquid, and the pressure applied 
to the column. When lot II of silica gel (section IV—1, ¢), was used 
with hydrocarbons of the gasoline range and the natural rate of floy 
obtained with a head of 15 cm of desorbing liquid (dimethyl! furane). 
the average rate at which the front of liquid travelled down the 
column was about 5 cm/hr, being higher than this value in the upper 
portion of the column and lower than this value toward the bottom 
of the column. With a gage pressure of 20 lb/in.* and ethy! alcoho! 
as the desorbing liquid, the average rate at which the front of liquid 
travelled down the column was about 80 cm/hr, being substantially 
higher than this value in the upper portion, and decreasing toward 
the bottom of the column.” The results obtained for these diverse 
rates of flow were not significantly different, in both cases the volume 
intermediate between the nonaromatic and the aromatic portions 
being about 1 to 2 ml. With lot III of silica gel (section LV-1, ¢ 
and a gage pressure of 20 lb/in.? the average rate at which the front 
of liquid travelled down the column was about 240 cm/hr. For this 
lot of silica gel, at average rates of flow of 240, 100, and 25 cm/hr, 
the results were unsatisfactory, the volume intermediate between the 
nonaromatic and aromatic portions amounting to 5 to 8 ml and the 
aromatic portion containing some nonaromatic material. When lo: 
IV of silica gel and a gage pressure of 45 lb/in.? was used, the average 
rate at which the front travelled down the column was 90 cm/hr, th 
volume intermediate between the nonaromatic and the aromati 
portions being 1 to 2 ml. 

From the above experiments, it is evident that the sharpness of the 
separation does not depend significantly on the rate of flow within 
the range investigated. The upper limit at which it is satisfactory 
to operate depends instead in the time required for the precise de- 
termination of the volume of the filtrate fractions (section IV-1, a 
and is about 20 ml/hr during the collection of the aromatic portion 
toward the end of the analysis. For each lot of silica gel which is 
sufficiently fine (but not so fine that excessively high pressures are 
required), the pressure required to give a rate of flow of 20 mi of fil- 
trate per hour toward the end of the experiment can be determined 
and used in subsequent analyses. 


(ec) DESORBING LIQUID 


Experiments were poems with the following aig mee. liquids 
Methyl alcohol, ethyl alcohol, propyl alcohol, acetone, methyl ethy! 
keytone, diethyl ether, and dimethyl furane. With the exception oi 
dimethyl! furane, the boundary between the desorbing liquid and the 
hydrocarbon portion is plainly visible. In the case of diethyl ether, 
acetone, and methyl ethyl ketone the boundaries between the desorb- 
ing liquid and the hydrocarbon portion are not normal to the walls of 

4 As filtrate issues from the column, and ethyl alcohol replaces the original hydrocarbon portion, the 
rate of flow decreases because ethy] alcohol has a higher viscosity than the average for hydrocarbons of the 
gasoline range. On the other hand, with higher boiling fractions, such as kerosine, etc., the rate of flow 
may be expected to stay constant or increase slightly as ethy! alcohol replaces the original hydrocarboe 
portion. As each milliliter of liquid occupies a length of about 2 cm in the packed section with 1.0 cm inside 
diameter, a rate of movement of the liquid front of 40 cm/hr corresponds to a rate of flow of filtrate of abou 


20 mi/hr. 
4 In many experiments it is also possible to see the boundary between the aromatic and the nonaromat« 
in. 
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the column but are irregular and frequently extend over a length of 
sto10 cm. In the case of methyl alcohol two phases are present in 
one or more fractions toward the end of the experiment. The 
occurrence of two phases makes difficult if not impossible the accurate 
determination of the volume of aromatic hydrocarbon. With ethyl 
aicohol and propyl alcohol, the boundaries between the desorbing 
liquid and the hydrocarbon portion are substantially normal to the 
walls of the column and only one phase occurs, at least with hydro- 
carbons of the gasoline range.'® Owing to its higher viscosity, the rate 
of filtration with propyl alcohol for a given applied pressure is much 
slower than with ethyl alcohol. Fairly satisfactory results were 
obtained with dimethyl! furane. 


(f) EXPERIMENTAL RESULTS 


The result of an experiment * with a solution containing a paraffin 
hydrocarbon (2,2,4-trimethylpentane) and a naphthene hydrocarbon 
(methyleyclohexane) is shown in figure 2. It is apparent that the 
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Ficure 2.—Exzperiment with a paraffin and a naphthene hydrocarbon. 


The scale of ordinates gives the refractive index, n°, of the filtrate, and the scale of absicssas gives the 
volume of the filtrate in milliliters. The plot refers to an experiment in which 20 ml of solution containing 
equal volumes of 2,2,4-trimethylpentane and methylcyclohexane was used. 


" Since aromatic hydrocarbons of the gasoline range are completely soluble in methyl alcohol, it is evident 
that sufficient water has been displaced from the silica gel by the methyl alcohol to cause the appearance of 
two phases. This behavior has been observed previously [5). . 

“ Ethyl aleohol was used as the desorbing liquid in two experiments with material from the kerosine 
range. In one case with material containing substantially no aromatic hydrocarbons two phases were 
observed, whereas in the other case with material of relatively high aromatic content (15 percent) only one 
phase was grotaeed. The appearance of two phases in the first case is doubtless due to the limited solubil- 
ity of o> ns and naphthenes of the kerosine region in ethyl alcohol. ) 

* This experiment, together with two of the analyses given in table 2 were made by A. J. Streiff. 
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separation of paraffins from naphthenes with the apparatus and pr. 
cedure in question is small enough to permit these two classes to he 
grouped together in the results from an analysis. 

The results of analyses that are typical are shown for two solutions 
of known aromatic content in figure 3, Aand B. The refractive indices 
of the fractions in the plateaus agree with the refractive indices of the 
pure components within 0.0001. The volume intermediate between 
substantially nonaromatic and substantially aromatic materia] js 
about 1 to 2 ml, and the volume intermediate between substantially 
aromatic material and the desorbing liquid (ethyl! alcohol]) is about the 
same. The accuracy obtainable when this method is applied to 
synthetic mixtures is indicated by the data in table 2. 
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FIGURE 3.-~Anaiyses of mixtures containing aromatic and paraffin hydrocarbons. 
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Taste 2.—Comparison of values for the composition of fe solutions, as given by 
synthesis and as determined analytically 




















a = ——— 
| Composition by— 
Solution Com ponents 
Synthesis Analysis 
% by volume | % by volume 
>, a ‘ ae i , 3. 996 4. 
l ~~}\2,3,4-trimethylpentane.. ...............--.----- ol 96. 00 95. 95 
| 
a ae . | 22. 20 22. 45 
~~|\2,2,4-trimethylpentane. . ._..- | 77.80 77. 55 
EE AEE eee 49. 95 49. 92 
~|\2,2,4-trimethylpentane. -...--- eS. ¥ 50. 05 50. 08 
| 
3, re 79. 91 79. 89 
‘ ~-""||2,2,4-trimethylpentane. . .... 20. 09 20. 11 
| 
‘ SS EE ee 92.49 | 92. 45 
: ~----|12.2.4-trimeth ylpentane. . .. 7. 51 7. 55 


| 
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The result of the analysis of an aviation gasoline containing approxi- 
mately 16 percent by volume of aromatic hydrocarbons is shown in 
figure 4. The small fluctuations in the refractive indices of the 
naphthene-paraffin portion are due principally to the loss of volatile 
compounds during the collection of the fractions and the measurement 
of the refractive indices. The result of the analysis of material from 
the kerosine range (bp 166 to 290° C at 1 atm), containing approxi- 
mately 15 percent by volume of aromatic material, is shown in figure 5. 


1. AROMATIC AND MONOOLEFIN HYDROCARBONS IN MIXTURES 
WITH PARAFFINS AND NAPHTHENES 


(a) PROCEDURE 


The appropriate adsorption column (see table 1) is prepared as 
described in section 1V-1, a. Ice water is allowed to flow through 
the jacket of the column for 10 minutes before the introduction of 
the sample.” A measured 5-ml portion of a paraffin, a naphthene, 
or a paraffin-naphthene mixture is then added from a pipette to the 
top of the adsorption column. When nearly all of this material has 
entered the silica gel, the sample to be analysed is introduced from a 
pipette. The remainder of the analysis is similar to that described 
in section IV-1, a. In this case, however, the rate of flow for a given 
gage pressure is substantially less than the rate of flow obtained in 
the analysis of aromatic hydrocarbons. This is due in part to the 
higher viscosity of the liquids at the lower temperature and in part 
to the decrease in rate of filtration with increase in the length of the 
column (section IV-1, d). Thus, with a gage pressure of 30 to 35 
lb/in.2, when lot II of silica gel was used (section IV-1, c), it was 
found that 4 to 5 hours were required for the liquid to reach the bottom 
of the column, the rate of flow of the filtrate being about 10 ml/hr. 
The column recommended for this analysis is longer than that recom- 
mended for aromatics in mixtures with paraffins and naphthenes. 
The additional length appears to be necessary to effect the separa- 
tion of paraffin-naphthene material from monoolefins, and of monool- 
eins from aromatics. This column will separate about 10 ml] of mo- 


a 
" If brine or any other refrigerating fluid at —10° to —20° C is available, it should preferably be used. 
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VOLUME OF FILTRATE IN ML 
Ficure 4.—Analysis of an aviation gasoline. 


The’scale of ordinates gives the refractive index, n}°, of the filtrate, and the scale of abscissas gives ! velar 
volume of the filtrate in milliliters. The plot refers to an analysis in which approximately 55 m! o anp 
aviation gasoline was used. 
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noolefin and 10 ml of aromatic from a solution containing approxi. 
mately 30 percent by volume of each of these hydrocarbons. Th, 
solution to be analysed should therefore contain not more than 19 
ml of monoolefin and 10 ml of aromatic, and in any event should 
not exceed 50 to 60 ml in total volume if the analysis is to be per- 
formed in 9 hours with the use of gage pressures not in excess of 5() 
lb/in *. 
(b) BEHAVIOR OF OLEFINS 
A number of experiments were performed at room temperature 
with known mixtures of toluene, 2,4,4-trimethyl-l-pentene, and 
2,2,4-trimethylpentane, with the use of the natural rate of flow jy 
long columns (about 260 cm long). The times required for these 
experiments were from 48 to 60 hours. In all instances plateaus or 
approximations to plateaus were obtained at that part in the volume 
of filtrate where 2,4,4-trimethyl-l-pentene was to be expected 
The refractive indices of the fractions in these plateaus were, however. 
different in different experiments and were appreciably higher than 
the refractive index of 2,4,4-trimethyl-l-pentene. Another character- 
istic of these plateaus was that the refractive index decreased from 
the first to the last fraction in the plateau. In a typical experiment, 
the refractive indices of the fractions in the plateau decreased from 
1.4324 to 1.4217, whereas the value for the refractive index of the 
sample of 2,4,4-trimethyl-l-pentene used was 1.4063. It appear 
that reaction of the 2,4,4-trimethyl-l-pentene, as by polymerization, 
may be responsible for this behavior. It was found that this “poly- 
merization” was reduced by speeding up the process by the appii- 
cation of pressure so that the entire experiment was performed in 
about 6 hours. In this case the refractive index of the first fraction 
in the plateau usually was between 1.41 and 1.42. A further reduc- 
tion in the reaction of the olefin was obtained by lowering the tem- 
perature of operation, by circulating ice water in the jacket of the 
adsorption column." It appeared that some reduction in the re- 
action of the olefins was also obtained by adding a 5-ml portion of 
paraffin before introducing the sample, though the effect of this 
procedure was not so pronounced as the effect of the two foregoing 
procedures.'* The combined effect of these procedures was to pro- 
duce plateaus in which the first fraction did not differ by more than 
0.004 and the remaining fractions by not more than 0.003 from the 
refractive index of 2,4,4-trimethyl-1-pentene. 
An experiment was also performed with a mixture of toluene 
cyclohexene, and 2,2,4-trimethylpentane at room temperature with 
the natural rate of flow. A satisfactory plateau at about the refrac- 
tive index of cyclohexene was obtained. On the other hand, in exper- 
ments at room temperature performed with pressure and a more rapid 
rate of flow, the cyclohexene turned black and mingled with the 
toluene portion giving no satisfactory plateau. By operating near 
0° C with pressure, in the manner finally adopted with 2,4,4-trimethy'- 
l-pentene, satisfactory plateaus were obtained. 





1§ Small seale tests made at —76° C indicate that no reaction of the olefin occurs at this temperature © 
24 hours. 

'® When the front of hydrocarbon comes in contact with fresh silica gel, a substantial rise in temperature 
takes place. The introduction of the — hydrocarbon before the sample allows time for this hest 
wetting to be dissipated before the olefin reaches that portion of silica gel. The paraffin hydrocarbon as 
displaces a substantial part of the air from the tube and may in this way help to reduce the reaction of the 
olefins. Removal of oxygen by evacuation of the column would also serve to reduce the reaction of olefins 
However, the complete evacuation of the column described here is a slow process and appears impracticable 























































































































TOX)- 7 T wy" r 
The 
an 16 4 149) are 4 
L0uld : | : 
’ per- ‘ 4 5 iq ee ' e Y _ 
of 50 +3 
iE Fag 
: 1 eter —wPE ¥ 3 | 5 1 
4 = (= oF 4 
; : Eat () 13,5) 
ature oe Boa wen, | 7 
and : \ ae 
w in i Sas 7 
these : 5 
US OF aoe ' "+ + 
lume . = 
cted 4 ar 4 Sales “ 
ever, . . 
than 4 ah 4 = aa o 
ucter- 5 
from 7 | eee © g a & 4 
nent, P 
[rom a : 
=~ rE ~ 140 ’ | 
f the a 
pears  s > | 
. z 4 oo 4 : “ uss 7 ; -“ 
pol , is y | y i Sei 
: . : 2 —_ . } i = 38 : 12s } 
‘PP ae i ae mais ql 
ad in ae oe g : F ifs} 
ction i ; : i 4 Bs at : wr 3 } =* -4 
educ- eo $i | 1 Pitot bythe 
tem- af fl i 136 AR ee 136 2 ee Ek 
10 20 3» 40 ° 10 20 30 40 ° 1o 20 ws» 40 
f the VALUES OF PRRATE 1 Om, VOLUME OF FILTRATE mw ML VOLUME OF FUTRATE wm ML 


the Fours 6.—Analyses of solutions containing aromatic, monoolefin, and paraffin 
on of hydrocarbons. 

this 
roing Mbe scale of ordinates gives the refractive index, 3°, of the filtrate, and the scale of abscissas gives the 
_~ 2° volume of the filtrate in milliliters. A, an analysis in which approximately 25 m1 of a solution containing 


pro- qual volumes of toluene, 2,4,4-trimethyl-1-pentene, and 2,2,4-trimethylpentane was used; B, an analysis 
than a which ————— 25 ml of a solution containing equal volumes of toluene, cyclohexene, and 
12,4-trimet. 


yipentane was used; C, an analysis in which approximately 25 ml of a solution con- 
taining one-third toluene, one-sixth cyclohexene, one-sixth 11 4-trimethyl-i-pentene, and one-third 
124trimethylpentane was used. In all three analyses 5 ml of 2,2,4-trimethylpentane was introduced 
ito the adsorption column prior to the introduction of the solution. 


n the 


uenh¢ 
with 
frac- 


(c) EXPERIMENTAL RESULTS 


The results of the analyses of three solutions are shown in figure 


‘per MA Bland C. It is evident from these that the separation of each 
rapid bi the three classes of hydrocarbons from one another is reasonably 


) the Rierp. The characteristic decrease in the refractive index at the 


hear @P44-trimethyl-l-pentene plateau (section IV-2, b) is noticeable 
thyl- BA) The cyclohexene plateau, however, does not show this behavior 


5). It is interesting to observe (C) that there was a separation of 
44-trimethyl-l-pentene and cyclohexene and that the relative 
erstur ounts of + ae two substances in a mixture can be estimated from 
Ct experiment of this type. The values for the amounts of the con- 
nofth M™etuents of these solutions as given by synthesis and as determined 

ytically are given in table 3. It will be seen that the agreement 
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between the two sets of values, although not as good as in the cay 
of solutions containing only aromatics with paraffins, is reasonab); 
satisfactory. ; 


TaBLE 3.—Comparison of values for the composition of three solutions as given } 
synthesis and as determined analytically 











| Composition by— 





Solution Components 
| Synthesis | Analysis 
ee 
Percent by Percent by 
| volume polume 
| (Toluene... ppedencannd 33. 33 8 
1 ..|¢2, 4, 4-trimethyl-1-pentene._._. . 33. 33 2B 
‘lz, 2, 4-trimethylpentane........ 33. 33 | 3B 
| | 
Toluene 33. 33 B 
o. |¢ Cyclohexene ‘ 33. 33 | 2 
2, 2, 4-trimethylpentane 33. 33 | 2 
|(Toluene-_. 33. 33 2 
Cyclohexene__. 16. 67 
2, 4, 4-trimethy)-l-pentene 16. 67 } 3 
33. 33 3 


2, 2, 4trimethylpentane | 


This method will give the most satisfactory results when the thre 
classes are present in approximately equal amounts. To establis 
the location of a plateau when the refractive index of the constituen 
in that plateau lies between the refractive indices of the constituen 
on either side of it, it is necessary that the solution that is being 
analyzed contain at least 4 ml of the constituent in question. 

The maximum quantity of solution that can be filtered with th 
method, in its present stage of development, in 1 day is about 6 
ml. This limits the accurate determination of monoolefins to solu 
tions containing not less than 7 percent of monoolefins. A mor 
serious limitation is involved in the analysis of solutions of high 
aromatic content. As the maximum quantity of aromatic that can 
be separated from solutions containing olefins is of the order of 15 t 
20 ml, it is not possible to use more than about 20 ml of sample o 
high aromatic content for an experiment. In order that 4 ml o 
monoolefin be obtained such a sample must contain 20 percent 0 
monoolefin. Where possible, the composition of the solution to be 
analyzed should be brought to approximately the optimum composi 
tion by adding to it known amounts of hydrocarbons from the requisité 


classes. 


V. RECOMMENDED PROCEDURE FOR THE DETERMINA 
TION OF THE AROMATIC CONTENT OF A STRAIGHT 
RUN PETROLEUM DISTILLATE 


The aromatic content of the sample to be analyzed is estimat 
roughly. In the absence of information as to the source of the mat 
rial, this estimate may be made from a consideration of the refractivé 
index of the sample or from the results of a preliminary experiment 
(which requires only 10 to 15 minutes) in which a few millite 
of sample is filtered through a few grams of silica gel (No. 28 to No 
200 U. S. Standard Sieve) and the difference between the refractiv’ 
index of the first drop of filtrate (which should be aromatic free 
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wd the refractive index of the original sample obtained [6]. The 
ize of the sample to be used in the analysis is then decided upon 
ection IV-1, a) and the adsorption column selected (table 1). If 
the sample contains significant quantities of pentane or isopentane, 
is necessary to use a jacketed column for operation near 0° C. 
The procedure for the analysis is the same as that described in section 
V-1, a. 

If the petroleum distillate contains nonhydrocarbon substances 
ach as sulfur, oxygen, or nitrogen compounds, or dyes which have 
en added for coloring purposes, these materials are displaced by 
hyl alcohol and appear in the filtrate principally in the region of 
ihe junction of the aromatic portion with ethyl alcohol. Where a 
ignificant amount of nonhydrocarbon material is present, the analy- 
gs should be corrected if possible, and if not possible, the uncertainty 
troduced from this source should be recognized. If the nonhydro- 
arbon material has the same refractive index as the aromatic hydro- 
arbons, the analysis will give the sum of aromatic hydrocarbons plus 
the nonhydrocarbon material; whereas if the nonhydrocarbon material 
iss the same refractive index as ethyl alcohol, the analysis will give 
mly the aromatic content. For the gasoline fraction, average values 
1.496 and 1.482 may be assumed for the refractive indices of the 
womatic hydrocarbons and the sulfur compounds, respectively. 
When compared with the value 1.360 for the refractive index of ethyl 
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tituen@@Mcohol, it is evident that each milliliter of sulfur compound present 
ituent@i rill have an effect on the analysis equivalent to 0.9 ml of aromatic 
| beingMiydrocarbon. For the gasoline fraction, the correction for sulfur 

‘§ompounds may be made by determining the percentage by weight of 
th thigulfur, multiplying the value obtained * by 3.7 to convert to percent- 
Out 64wze by volume of sulfur compounds and deducting 0.9 times the per- 
0 solugMfentage by volume of sulfur compounds from the uncorrected value 
. MorgaR for the aromatic content. 
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* This factor is obtained by assuming that each sulfur compound had 1 atom of sulfur per molecule, that 
hte menee weight of the sulfur compounds is 130, and that the average density of the sulfur 
pounds is 0.83. 
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METHODS FOR THE EVALUATION OF ANALYTICAL 
FILTER PAPERS 


By B. W. Scribner and W. K. Wilson 


ABSTRACT 


As part of an investigation of analytical filter papers for the purpose of assisting 
nthe development of standards of quality, improved methods for rate of flow of 
vater, retention of fine precipitates, and determination of ash were developed. 
The use of complicated apparatus for measuring the rate of flow of water was 
avoided by applying Darcy's law to the ordinary conical filter. The use of pre- 

filtered water in making the measurement was found necessary for satisfactory 
reproducibility. As the standard method for determining the ash content of 
saper is not sufficiently accurate for filter paper, the method was modified in 
that a tare crucible is used and the test specimen wetted and pressed into a com- 
pact wad to permit the use of as smail a crucible as possible. 

The other tests were bursting strength of wet paper, thickness, weight per unit 
area, alpha cellulose, copper number, and acidity (pH). The last three named 
are of importance relative to the purity of the cellulose and the stability of acid- 
vashed papers, as instances of deterioration of the cellulose of such papers have 
een observed. Action of acid results in brittling of the papers and in the for- 
nation of modified forms of cellulose that are soluble in some solutions. 
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I. INTRODUCTION 


\s a part of an investigation at the National Bureau of Standards 
w establish standards for analytical filter papers, testing procedures 
or determination of their quality have been developed. It is believed 
that the various tests are adequate for the evaluation of properties 
of importance in ordinary analytical work. The tests are being 
ipplied to nearly all types and grades of papers, both foreign and 
iomestic, now available in this country, and experience has indicated 
hat the tests are suitable for effecting a standardization of quality 
or analytical filter papers. When additional testing is completed, 
ihe issuance of a report dealing with quality standards is contemplated. 

Improved methods were developed for testing for retention of 
rium sulfate, rate of flow of water through the papers, and content 
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of ash. A method was also developed for determination of the burs 
ing strength of wet paper. The following additional testing method; 
are used. These are standard methods of the Technical Associatio 
of the Pulp and Paper Industry (TAPPI),' and the Association’; 
designations of the methods are included. 

Thickness (T 411 m) and weight in grams per square mete 
(T 410m). Density is calculated from these values. 

Alpha cellulose (T 429 m), copper number (T 430 m) and acidity 
as pH (T 435m). These are related to the purity of the cellulose and 
the stability of the papers. 

Discussions and descriptions of the methods follow. 


are: 


equ 


II. TESTING METHODS 
1. RETENTIVENESS TO FINE PRECIPITATES 


The use of a precipitate of barium sulfate is a time-honored practice 
for testing filter papers for retentiveness to fine precipitates, and it 
appears to be satisfactory for the purpose. However, it is necessary 
that the following instructions be followed exactly: 

Dissolve 0.55 g of potassium sulfate in 275 ml of water and add 1.) 
ml of concentrated hydrochloric acid. This solution contains about 
0.1 gof sulfur. Heat to boiling, and while at the boiling temperature, 
add slowly and with continuous stirring 25 ml of 5-percent barium 
chloride solution. It is very important to have the specified con- 
centration of acid and to keep the solution at the boiling temperature 
during the precipitation. Allow to stand without agitation for not 
less than 2 hoaes nor more than 6 hours at a temperature below the 
boiling point and not less than 70° C. Prepare at least four circles 0 
the filter paper in the usual way for filtration, in 60-degree long- 
stemmed funnels. Stir the precipitate until it is evenly suspended 
in the liquid and filter approximately 50 ml of the mixture through 
each circle of paper, collecting the filtrates in 250-ml Erlenmeyer 
flasks. Swirl the filtrates to brig any sulfate to the center and view 
from above against a black background for the presence of barium 
sulfate. The experience at the Bureau is that 0.3 mg or less can be 
detected in this manner. The paper is considered unsatisfactory if 
any barium sulfate is seen in the filtrate. 


2. FLOW OF WATER 


A report on the rate of flow of water through filter paper has 
already been published as a part of this investigation.’ 

Various forms of apparatus were devised by other investigators, 
but a satisfactory method was evolved by Bogaty and Carson whieh 
does not require the use of special, complicated apparatus, and has 
the advantage of simulating the manner in which filtrations are made. 
The filter paper is folded in a cone in the usual way, taking care to 
expel air pockets, and, to obviate any variable that might be intro- 
duced by the use of a funnel, the cone is suspended freely in a wire 
loop. The change in head and filtering area in the use of a cone 
introduces no complications because, according to Darcy’s law, the 


! Copies of the TAPPI methods can be obtained from the Association at 122 East 42d St., New York 
17, N. Y. 


3 Bogaty, H., and Carson, F. T., Measurement of rate of flow of water through filter paper, J. Reset 
NBS 83, 353 (1944) R P1613. 
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ate of filtering of water for a given filter paper is proportional to the 
yea of the filter and to the head of water. With this relation as a 
darting point it was found possible to derive a simple flow constant 
splicable to a conical filter, which gives the speed of filtering from a 
neasurement of the time required to filter half the volume of water 
emaining in the cone (starting with any convenient, known volume). 

The water-filtration coefficient, k, is determined by means of the 
uation 





1.151 log + 
k — 
a which t—t, is the time interval required to decrease the volume of 
vater in the filter cone from », to v. If the measurements are so 
nade that v=»,/2, and ¢, is taken as zero when the volume in the cone 
sn, k=0.3465/t for any value of v, that may be chosen. In order to 
yoid very small numbers, the rate of flow through the filter paper is 
iesignated by the coefficient K, where K=10*k=3465/t. K is the 
wmber of milliliters of water filtered through a square meter of filter 
paper in 1 second under a head of 1 centimeter of water. 
A phenomenon exhibited by filter paper, and other porous materials, 
sthat ordinarily the rate of flow of liquids through them becomes 
mogressively slower with continued flow. As this led to some dis- 
wepancies in results obtained for filter paper, considerable study was 
nade to find the cause of it and means of overcoming its effect. No 
wnclusive explanation as to cause was arrived at, and the same ap- 
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“4 ine wars to be true of explanations offered by other investigators. How- 
Jes offgmeret, the difficulty was traced to some unknown condition of water 
long-fgsed in making the test, as it was found that the change in rate can 
ondedaam’ almost eliminated by prefiltration of the water. A description of 
roughigme method follows. 


Prepare distilled water by prefiltering it through filter paper, the 


neyer x & 
viewsagse of flow of which is at least as low as that of the xe to be tested. 
sriumgg-se two or more filters in series. For each kind of filter paper to be 





vsted a volume of prefiltered water equal to three or four times the 
volume of the cone will usually be sufficient. If a considerable quan- 
lity of water is to be prepared, the filters should be renewed frequently, 
because they lose their effectiveness with continued flow of water 
rough them. 

Carefully fold a filter circle in the usual way to form a 60-degree 
me. Place it in a 60-degree funnel and fill it with water prepared 
mthe manner described. Press down the folds to expel all air pockets 
ators, @ind to make the three plies smooth and in good contact. Allow about 
whichi@@iree-fourths of the water to filter through, then pour off the excess. 
d hasBave the water to wet the next specimen. Remove the empty cone 
mad¢find suspend it freely over a burette by supporting the cone in a loop 
re (OM! wire of such size that it will support the cone at about two-thirds 
intro-@i the distance from its apex. 

| Wire Use prefiltered water having a temperature of 23°+2° C, and 
cont@™pur into the cone, all at once, a known volume which is approxi- 
y, thelimtely two-thirds of the volume of the cone. When one-fifth of the 
 Yotueter has filtered through into the burette, start a stopwatch. When 
reste the remaining volume has filtered through, stop the stopwatch 
id record the time in seconds. Test not less than 10 circles, using 
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the same water over and over and adding to it from the prepared 
supply as found necessary. 

he time required to filter half the volume remaining is an inverse Fe 
measure of the rate of flow, and is substantially the same for any @ijrett 
given filter paper, irrespective of the size of the test specimen. (Cop. Mga? 
venient volumes of water initially poured in for filter circles of the Miu 
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3. CONTENT OF ASH ” 

The necessity for very accurate determination of ash content, 
together with the small amount present, requires special modifications Hi 1), 
of the standard method for testing paper. A large test specimen but Hi dia 
as small an ignition crucible as possible are required for good accu- Hii yare 
racy. These conditions are fulfilled by wetting the filter paper with Hi}jan 
distilled water, thus permitting compact wadding of the paper forfiypor 
conservation of space. The use of a tare crucible and special precau- His cal 
tions in the testing operations are necessary. The details of the HiBpete 
method are as follows: 

Use 20-ml platinum crucibles with covers. A tare crucible with 
a cover is carried through all operations exactly the same as the 
crucibles used for the tests. The tare crucible must have practically #4" 
the same weight and surface area as the test crucible. legre 

Heat the crucibles and covers in a muffle furnace at approximately MM?“ 
925° C. Cool in a desiccator and weigh to the nearest 0.1 mg. Dry gj": 
about 6 g of the paper to constant weight at 100° to 105° C and weigh wuily 
to the nearest 0.01 g. Wet the paper with distilled water containing fi" ‘ 
not more than 10 parts per million of igneous solids, then roll it into Hj" 
a compact mass with clean fingers. Put the test specimen in a crucible, My" P 
cover it, and place it in a cold muffle furnace. Start the ignition and yj" 
after smoking has ceased remove the cover and continue the ignition Hy?" 
for 2 hours at 925°C. Replace the cover, cool and weigh the crucible Hs 
and ash. The ignition is considered to be complete when the weight Hj" 
of the ash becomes constant after reignition for 30 minutes. All the my 

























cooling must be done in a desiccator, and the test crucibles and tare Ms 
crucible must be allowed to remain on the balance pans the samegm' 
length of time. The ash must be protected from air currents at all pP*' 


(vill 
prong 


times. 
Duplicate determinations shall be made, and they shall agree 


within 0.003 percent of the weight of the dry paper. “a a the mmmendi 
average of the values to the nearest 0.01 mg per 11-cm circle of thegj*)pe 
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paper and to the nearest 0.001 percent of the weight of the dry paper. 


? The authors acknowledge the assistance of Herbert F. Launer in the development of this method 
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Evaluation of Filter Papers 
4. BURSTING STRENGTH OF WET PAPER 


for determination of the strength of filter paper, resistance of 
setted paper to bursting appears to be a logical choice. With the 
aception that the paper is tested after wetting it, the test is made 
wording to the standard method of the Technical Association of the 
dlp and Paper Industry, T 403m. The paper is clamped in the 
ysting instrument over a circular orifice through which pressure is 
wplied by a compressed fluid until the paper breaks. The pressure 
srecorded on & maximum-reading gauge and is reported as “points.”’ 
fhe procedure is as follows: 

(lip together a pack of five circles of the filter paper, and immerse 
ie pack in distilled water at 23° C for 5 minutes. Remove the pack, 
dow it to drain suspended for 10 seconds, then immediately determine 
de bursting strength. Use enough packs to obtain not less than 10 
nlues. Report the average bursting strength to the nearest one- 
warter point. 


5. THICKNESS, WEIGHT, AND DENSITY 


The thicknesses of at least 10 separate circles are determined with 
i:dial micrometer, and the average of the values is reported to the 
warest 0.0002 in. For determination of weight, a pack of not less 
han 10 sheets is weighed on a chemical balance, and the weight is 
mported as grams per square meter to the nearest 0.1 g. The density 
scalculated from the thickness and weight, as grams per cubic centi- 
neter to the nearest 0.001 g. 


6. STABILITY 


Analytical filter paper as produced in the paper mill has a high 
igree of cellulosic purity, which is a prime requisite for stability of 
mper, and every care is taken to keep the paper as free as possible 
fom extraneous materials, as impurities, of course, would interfere with 
walytical determinations. There should be no question, therefore, 
i the stability of any of the various types of the papers except 
hose treated with acid to reduce the ash to a minimum or to harden 
le papers. Acids are very deteriorative to cellulose, and unless the 
meatment with the strong mineral acids is done very carefully, 
gradation of the cellulose with resultant embrittlement of the paper 
fibers may occur. Moreover, degraded cellulose is soluble in some 
slutions, and therefore may pass into filtrates and cause erroneous 
ulytical results. 

The Bureau has found in its studies ‘* of the deterioration of papers 
iat a high content of alpha cellulose and a low copper number are the 
mst criteria of the purity of the cellulose of paper fibers. Alpha is a 

m used to designate the part of the cellulose that is insoluble in a 
song solution of sodium hydroxide under definitely prescribed 
mditions. It is the pure or unmodified fraction of the cellulose. The 
wpper number designates the amount of copper precipitated by cellu- 
* under certain conditions from a solution of copper sulfate. It 

bresents the amount of unstable modified forms of cellulose present. 


ey 
‘4. E. Kimberly and B. W. Scribner, Summary report of National Bureau of Standards research on preser- 
*ofrecords, Misc. Pub. NBS M154 (1937). 
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The Bureau has published extensive data showing the close relat; 
of alpha cellulose, copper number, and acidity as hydrogen ion concey 
tration (pH), to the stability of various other kinds of papers. So 
information of this kind has been obtained for filter papers. fq 
example, a double acid-washed filter paper that had become brit; 
during storage had only 72 percent alpha cellulose, a high coppg 
number of 3.3, and a pit value of 4.5. Comparable figures for 
paper of the same type and grade are alpha cellulose, 96 percen 
a, number, 0.4; and acidity, 6 pH. For good stability, the pj 
value of paper should not be below 5. 

In a few other instances noted at the Bureau, papers that had bee 
double acid-washed were so brittle that they burst when used { 
filtration, and all of these were characterized also by a poor conditio 
of the cellulose. The bursting strength of some of these papers ranged 
for dry paper, from 4 to 14 pointsas compared with around 2 
points for underteriorated paper. All the deteriorated papers ha 
been stored under good neat > all and some of them had not been i 
stock very long. 

In view of these experiences with the deteriorated papers, all g 
which were made by manufacturers of papers that are usually of th 
highest quality, the use of the recommended tests relating to stabilit 
seems desirable for both consumer testing and manufacturing contra 
of acid-washed papers. 


WASHINGTON, January 18, 1945. 


Il. B 
Vy. R 
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INTRINSIC VISCOSITIES AND OSMOTIC MOLECULAR 
WEIGHTS OF CELLULOSE ACETATE FRACTIONS 
By Arnold M. Sookne and Milton Harris ' 


ABSTRACT 


The intrinsic viscosities and osmotically estimated number-average molecular 
sights of a series of cellulose acetate fractions have been measured. It was 
mad that within the range of chain lengths investigated (number-average 
plecular weight, /,, up to 130,000) the number-average molecular weights are 
mportional to the intrinsic viscosities in acetone solutions, in agreement with 
udinger’s rule and the results of Kraemer. An estimate is provided of the 
lative homogeneity with respect to molecular size of the fractions and the 
sting material from which they were prepared. 


CONTENTS 


|. Introduction. -- - -- 
MORO. cctadu«< bf aoe 
1. Viscosity measurements - - - - - 
2. Osmotic-pressure measurements - 
ll. Results and discussion 
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I. INTRODUCTION 


According to Staudinger’s rule, the molecular weight, M, of a linear 
zh polymer is related to its intrinsic viscosity, [n], by the expression 


EKM, where [n= amt (nsp/c), K is a constant, and ¢ the concentra- 


on in grams per 100 ml of solution [1].? The validity of this relation- 
tip has often been questioned, and it has recently been demonstrated 
tut several unbranched polymers do not conform to this rule but 
ther to the more general relationship [n]=KM*, where a is a constant 
ith a value between 0.5 and 2 [2, 3]. 

Some time ago a series of cellulose acetate fractions was prepared 
this laboratory in connection with a study of the mechanical prop- 
ries of this material [4].2 The intrinsic viscosities and the osmot- 
ally estimated molecular weights of these fractions and of the start- 


” material have now been determined in acetone solutions. This 
Research Associates at the National Bureau of Standards, representing the Textile Foundation. 
Figures in brackets indicate literature references at the end of this paper 


‘he starting material from which the fractions were prepared had an acetyl content of 38.6 percent, an 
if 0.06 percent, a melting point of 250° C and a char point of 301° C. 


459 































460 Journal of Research of the National Bureau of Standards 


paper, which presents the results of these measurements, shows th 
for this type of acetate and within the range of chain lengths iny, 
tigated, the system cellulose acetate in acetone does conform ; 

Staudinger’s rule; i. e., for this system the constant a has the ya)jii—w 
unity in the relationship cited above. h 


II. METHODS 
1. VISCOSITY MEASUREMENTS 


The viscosity measurements were made in an Ostwald viscomet 
at 25°+0.03° C. As the time of efflux of the acetone was approy 
mately only 30 seconds, kinetic-energy corrections were applied ‘ {5 
These were determined by calibrating the viscometer with oils ¢ 
known viscosity obtained at the National Bureau of Standards. 


2. OSMOTIC-PRESSURE MEASUREMENTS 


The osmotic-pressure values for all the fractions, except the one ( 
lowest molecular weight, were determined by the dynamic method ¢ 
Fuoss and Mead [6]. The denitrated cellulose nitrate membrané 
recommended by these authors were used. The measurements we 
made at room temperature (approximately 28° C.). The cell ws 
placed in a box insulated with cotton waste, and the entire assemb| 
was then covered with a wooden hood to minimize drifts caused | 
changes in temperature. Measurements of the osmotic pressur¢ 
were made by means of a cathetometer sighted through a window j 
the hood. It was found practical to use the same membrane for 
series of measurements by using increasing concentrations of the san 
sample in successive measurements, as recommended by Fuoss an 
Mead [6]. The membrane was then rinsed thoroughly with aceton 
soaked overnight in this solvent, and rinsed thoroughly again, « 
without removing the membrane from the cell. This treatment su 
ficed to remove adhering cellulose acetate, so that the membra 
could be used again. 

With the fraction of lowest molecular weight (15), and to a less 
extent with the starting material, appreciable diffusion of the solu 
through the denitrated cellulose nitrate membranes occurred. F 
these two samples, cellophane membranes, swollen with NH, 
according to the directions of Flory [2], were therefore used. The 
measurements were made by the static method in a constant-ten 
perature room. Equilibrium was reached overnight, after which 
appreciable change in osmotic pressure occurred for a period of seve 
days. 

As the osmotic pressure measurements were made at slightly d 
ferent temperatures, the values of M, were calculated as follov 


The apparent value of M/, at each concentration (and correspondil 
temperature) was first calculated by using the van’t Hoff relationshi 
and the value of 1/7, at zero concentration was then obtained algé 
braically, assuming that the apparent value of M, is a linear functi 
of concentration. 


‘ Failure to apply kinetic energy corrections leads to errors of several percent in the values of the intra 
viscosities of the fractions of higher molecular weight. 
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III. RESULTS AND DISCUSSION 


The results of the viscosity measurements are presented in table | 
yd shown graphically in figure 1. In this figure the values of 
;,¢ are plotted on a logarithmic scale. When this procedure is 
illowed, the results fall on straight lines suitable for extrapolation 
zero concentration for obtaining the intrinsic viscosity. (When 
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FicurE 1.—Viscosity-concentration relationship in acetone solutions for cellulose 


acetate samples. 


The samples are numbered in the order of their molecular weights to conform with their designations in a 
previous publication [4]. The lowest number represents the sample of highest molecular weight. 


the values of »,,/c and ¢ are both plotted on a linear scale, the results 
do not fall on straight lines except at very low concentrations, where 
the experimental errors are largest. The use of the semilogarithmic 
plot gives weight to the more precisely determined values obtained 
n the range of higher concentrations). 
The result of the viscosity measurements conform quite closely to 
Martin’s equation [7]: 
log 47 =log [n] + k[n] C, (1) 
nwhich C is the concentration,’ and & is a constant characteristic of 
‘given polymeric series in a given solvent. The values of [ny] given 


It should be noted that the concentration is expressed in g/100 ml of solution in the data presented here, 
Yhereas it is given in weight-percent in reference [7]. 
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in table 1 were obtained by algebraic extrapolation, using the method 
of least squares. 


TaBLE 1.—Viscosities of cellulose acetate samples in acetone solutions ai 25° ¢ 


[The samples are numbered in the order of their molecular weights to conform with their designations jp : 
previous publication [4]. The lowest number represents the sample of highest molecular weight | 
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The results of the osmotic-pressure measurements are given 10 
table 2. Since it has been shown that a plot of the reduced osmotit 
pressure (/c) against ¢ gives straight lines for samples of cellulose 
acetate in acetone [8], the osmotic-pressure values were determined 3! 
only two concentrations for most of the samples. The slopes of the 
lines obtained by plotting +/c against c are very nearly identical for 
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ali of the samples except the two fractions of lowest molecular weight 
4 and 15), which give larger slopes.* 

‘ Figure 2 shows the relationship between the intrinsic viscosities 
and number-average molecular weights of the acetate fractions. The 
results appear to fall on a straight line passing through the origin, 
although the points for the two fractions of highest molecular weight 
appear to deviate somewhat from a line drawn through the remaining 
data. This deviation may be real, which would suggest that at 
higher values of molecular weight, the value of [n] may increase less 
rapidly than M, (i. e., the value of a is less than unity in the equation 
hj=KM*). Results of this type have been obtained by Gralen and 
syedberg for cellulose in cuprammonium [3]. It should be noted, 
however, that these fractions cover the usual molecular-weight range 
of commercial cellulose acetates. If the data are treated as though 
they conform with the relationship [)]=AM-*, a value for a of 1.03 is 


TaBLE 2.—Osmotic pressures of cellulose acetate samples in acetone solutions 


— a — =————————— 























. Concen- | Osmotic | Tempera- | 4Pparent = 
Sample tration pressure ture Ms Ms 
g/100 mi | em acetone °C 
ET Kasim et ee i aainrinithiiitaas 42, 000 
0. 240 1.96 26 40, 000 
esti oi... nianatdicivchéonccnil . 449 3.71 26 39, 000 
. 837 7.19 21 37, 000 
. 899 8.08 26 36, 000 
Rett ce wil?) 4 oe. Sy || teed a | olecoumnaeseee 130, 000 
2 . 259 0. 67 26 126, 000 
. 47 1. 47 24 121, 000 
a Se . ae Stn eS es 110, 000 
3 . 345 1.10 2 102, 000 
. 680 2.37 2 95, 000 
wedet , iqaibicchecatiiet 86, 000 
4 — . 351 1. 37 27 84, 000 
. 703 2. 83 27 81, 000 
> = R SSSe SE eee Ss SSeS Peer eS Ar 78, 000 
ew a . 384 1,71 30 74, 000 
. 769 3. 59 30 71, 000 
ae 7s SSeS Ss. Se 76, 000 
6 . 388 1, 82 30 70, 000 
77 3. 98 31 64, 000 
ninlinbrenhidadinalinendondon cleactetinnained 62, 000 
. 439 2.49 32 59, 000 
. 877 5. 33 33 55, 000 
as ateaelebbarebiinbehtsostia edeetieiiie 61, 000 
8 . 428 2.44 24 57, 000 
. 855 5. 27 25 53, 000 
" oP of Cae ~ot 53, 000 
9 136 0. 85 28 52, 000 
. 182 1.15 52, 000 
‘271 1.75 30 51, 000 
| SS Se nena oafecese sgqoeee 48, 000 
10 an . 342 2.42 24 46, 000 
. 64 5.14 25 43, 000 
PETROV aS Seer EN chin tivenbidbadadiicd Mes 42, 000 
_ ee .312 2. 58 30 40, 000 
. 625 5.44 31 38, 000 
binnntingnetbataceesasiine ee Ss ETS 34, 000 
Tecceecta . 266 2. 68 30 33, 000 
. 533 5.49 31 32, 000 
<A ERIOE,  M EE = 1 33, 000 
RR ME eR ie oe Fe . 135 1. 34 30 33, 000 
. 269 2. 67 30 33, 000 | 
"ae Fh RARE Se te > 24, 000 
l4 . 168 2.41 25 23, 000 
335 | 5.15 26 21, 000 
Pa et Os cena 11, 000 
(et ek tt lot atm, Pe Ra - 146 | 4. 52 25 10, 400 
. 21 9. 75 25 9, 700 














—-__ 

‘Fraction 15 diffused through the denitrated cellulose nitrate membranes of Fuoss and Mead [6]. When 
heasurements were made by the dynamic method with these membranes, and the results Were extrapolated 
back to zero time, the apparent value of M, for fraction 15 was 16,000. The value of 4, when the less 
permeable swollen cellophane membranes were used was 11,000 (table 2). 


464 Journal of Research of the National Bureau of Standards 





3 





Lad 








INTRINSIC, VISCOSITY 











| 
50 0 : Bu 
NUMBER- AVERAGE MOLECULAR WEIGHT xX 10° 





FicuRE 2.—Relationship between intrinsic viscosity and osmotically estimated 
molecular weight for cellulose acetate fractions. 


obtained by the method of least squares. It should be noted that 
the value of a is very a rg to the results obtained for the fractions 
of lower molecular wei Moderately small errors in the results fo 
these fractions might = e the value for a appreciably. 

From the best straight line drawn through the points in figure 2, 
the average relationship DP,—150 [ny]? (where DP, is the number- 
average degree of polymerization) is obtained.* The corresponding 
result obtained by Staudinger, who also used osmotic-pressure 
measurements to calibrate his viscosity method, is DP,=110 [n]’ (I. 
Kraemer measured the molecular weights of a series of be 
cellulose acetates by sedimentation equilibrium in the ultracentrifuge, 
and obtained the relationship DP,,=230 [n] (where DP, is the weight- 
average degree of polymerization) [9]. These results suggest that the 
cellulose acetate fractions used in this study are more homogeneou 
than those used by Staudinger, but that they are not sufficient) 
homogeneous so that their weight- and number-average DP’s are 
equal. This is shown by the results in table 3 

Table 3 lists the number-average DP’s of the fractions and starting 
material as obtained from the osmotic-pressure measurements i 
column 2. Column 3 lists the intrinsic viscosities, and column 4 the 
product 230[n], which according to Kraemer’s results should « 

roximate DP,. Since the ratio DP,/DP, is unity for a perfectly 
omeqensees 7 polymer, and increases with the heterogeneity wit! 
respect to molecular size, the value of the ratio may be taken as | 
measure of this heterogeneity.° The values of this ratio for thé 


1 It should be noted that this relationship holds es fractions of this particular degree of homogene!') 


Viscosity results properly should be related to weight-average or viscosity-average molecular weig” 
rather than to number-average values. No estimate of DP, can be obtained by viscosity measuremes! 
made on an unfractionated sample, or a fractionated sample of unknown d of homogeneity. 
; The es wd glucose residue ‘of cellulose acetate of this degree of acetylation is 260 (4). 
he uncertainty involved in applying Kraemer’s constant to these samples, the ratios 
DE DP. ~~ not be taken as absolute values. Measurements of DP. for several of these samples! 
ultracentrifugal and light-scattering methods are in progress. 
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sit 3.—Comparative DP,’ s and intrinsic viscosity results for cellulose acetate 
samples 








Sample 


ring material 


veral samples are shown in column 5. ‘The starting material, with a 


io of DP,,/DP, of 2.3, is manifestly less homogeneous than any of 


ie fractions, the ratios for which range between 1.2 and 1.8. The 


xt that the lowest value obtained for this ratio is slightly higher 
hin unity is entirely consistent with Kraemer’s results. However, 
be heterogeneity of all of the samples may be somewhat different 


m that indicated by these ratios, since the value of Kraemer’s 
ustant is subject to some uncertainty |9]. The results indicate 
ut the samples have not all been fractionated to the same degree. 

From the values in table 3 and the yields of the fractions, summated 
dues of [n] and DP, can be calculated. These calculated values are 
=1.50 and DP,=175, compared with experimental values for the 
wting material of 1.59 and 160, respectively. Since the results do 
tinclude fraction 1, which was not completely soluble in acetone, 


pi as a certain amount of loss is inevitable in a long fractionation 


wedure, the results represent reasonably good agreement between 
v calculated and observed values. 
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MLYMOLECULARITY AND MECHANICAL PROPERTIES 
OF CELLULOSE ACETATE 


By Arnold M. Sookne and Milton Harris ' 


ABSTRACT 


The tensile strengths, ultimate elongations, and folding endurances of films 
mepared from a series of cellulose acetate fractions and blends were studied. 
hen the mechanical properties are plotted against the intrinsic viscosities (or 
mistive weight-average degrees of polymerization), the results for the fractions 
od different blends fall on separate curves. In contrast, when the mechanical 
soperties are plotted against the number-average degrees of polymerization, the 
sults for the fractions and all of the blends fall approximately on a single curve 
reach property. The results are shown to be qualitatively consistent with the 
pothesis that the mechanical properties of blends are the weight-averages of 
te properties of their components. The results emphasize the importance of the 
kterminations of the number-average degree of polymerization in studying 
mmercial polymolecular materials. 
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I. INTRODUCTION 


High polymers are in general polymolecular; that is, heterogeneous 
ith respect to molecular size. The problem of the influence of the 
ree of polymolecularity on the mechanical properties of such 
materials is an important one, and it has received considerable study 
recent years. The detailed results of these investigations are 
wiewed elsewhere [1, 2, 3]*. The procedure generally followed in 
hese studies was to fractionate a shveane with respect to molecular 
we, and compare the mechanical properties of the fractions with 
lose of blends. .There has been substantial agreement among the 
more recent investigators that fractionated cellulosic materials are 
Mperior in mechanical properties to blends of the same intrinsic 
Mscosity; i. e., the same weight-average molecular weight [1, 4, 5]. 


1 particular, it has been found that the presence of material of low 
_—_—_ 

‘Research Associates at the National Bureau of Standards representing the Textile Foundation. 

Figures in brackets indicate literature references at the end of this paper. 
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molecular weights exerts a harmful influence on the mechani, 
roperties of ly These results appear to be unambiguous op) 
or unoriented or slightly oriented specimens; it is quite possible th, 
other conclusions may be reached when oriented or crystallized mg 
terials are considered. 

In an approach to this problem some time ago, a large quantity 
commercial cellulose acetate was fractionated in this laboratory {¢ 
and some of the mechanical properties of the fractions and thp 
blends were studied [4]. It was found that these mechanical prope 
ties were more closely related to the number-average than to ¢} 
weight-average DP’s® of the samples. However, the DP,’s were : 
that time calculated from viscosity measurements at only one cor 


centration (by means of Staudinger’s rule), and the DP,’s of ¢} 
blends were calculated under the assumption that the fractions we 


perfectly homogeneous. The DP,’s of the fractions have now bee 
determined experimentally by osmotic pressure measurements ; 
acetone solution, and their intrinsic viscosities have been determine 
in the same solvent [7]. It is the purpose of this discussion to rm 
examine the data for the mene ae properties of the fractions an 
blends in the light of these new measurements of DP, and intrinsi 
viscosity. In addition, examination of the data shows that to 
first approximation the mechanical properties of the blends are th 
weight-averages of the properties of their components; i. e., 
> 

Property nena =e l 
where w, is the weight of the molecular species with a mechanics 
property P,. It will be shown that the experimentally obtaine 
relationships between the mechanical properties and the DP,’s an 
intrinsic viscosities are all consistent with this relationship. 


II. RESULTS AND DISCUSSION 


The separation of the fractions [6], measurement of the osmoti 
pressure values and intrinsic viscosities [7], and the preparation an 
mechanical testing of films of the fractions and blends [4] have bee 
described in detail elsewhere. 


1. MECHANICAL PROPERTIES AS A FUNCTION OF INTRINSIC VIS 
COSITY AND NUMBER-AVERAGE DEGREE OF POLYMERIZATION 


Figure 1 shows the tensile strengths of the fractions as a functio 
of their intrinsic viscosities (upper graph) and DP,’s (lower). | 
considering these and subsequent data (figs. 1 to 6), the intrinsic vi 
cosity may be taken as a direct measure of DP,, on the basis of Kraem 
er’s results [8] and because of the linear relationship between D/ 
and [n] (intrinsic viscosity) found for the fractions [7]. Because ¢ 
the uncertainty in the value of Kraemer’s constant, the data hav 
been plotted as a function of [n] rather than of DP,.‘ The curves hay 


? The weight-average and number-average degrees of polymerization will henceforth be written Df 


and DP,, respectively. , . 
¢ The scale of the axis of abscissae in each upper graph of figures 1 to 6 has, however, been so adjusted ! 


it compares directly with the DP axis of the lower graph, assuming DP.=230 [»] (Kraemer’s relationship 
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ficurE 1.— Tensile strengths of cellulose a-etate fractions as a function of intrinsic 
viscosity (upper graph) uad DP, (lower). 
] . P . 
ilarge slope in the region of small chain length, followed by a grad- 
-hanicama lly decreasing slope which may represent an approach to an asymp- 
btainegam otic Value for very high DP’s. Similarly shaped curves have been 
> 1g ongmmooserved for numerous polymers [9]. The fraction of lowest chain 
n " . . 
>. lngth (DP,=43) was so brittle that it would not form a ¢oherent 


ilm of sufficient size to be tested by. ordinary technics, and it has 
therefore been assigned a strength of zero. Small fragments of this 
ample were tested by special technics, however, and a strength as 
osmotif™mligh as 250 kg/cm? was gorse This result suggests that the fail- 
ion an@™uwe to obtain measurable strengths for this and other samples of 
ve bee™mrery low DP results from the inadequacy of the film casting and test- 
ng technics, rather than from the weakness of the sample. Although 
itis true that such materials have zero strength as far as their practi- 
al utilization is concerned, the possibility exists that the curve re- 
kting strength to DP would pass through the origin if suitable test- 
ng technics were used. 

Figure 2 shows the ultimate elongations of the fractions, plotted in 
ihe same manner as the tensile strength results. The shapes of the 
Atter curves are generally similar to those for the tensile strength 
tata, except that the approach to a limiting value is completed at a 
ower DP for the ultimate elongation results. As shown in figure 3, 
atirely analogous results were obtained for the measurements of the 
Png Madarences of the fractions (made on a Massachusetts Institute 
“Technology Fold Tester). 

In order to study the effect of distribution of chain length on 
mechanical properties, blends were prepared from pairs of the frac- 
tons. The major portion of the work on blends was done with three 
kfes, prepared by mixing in various proportions pairs of fractions of 
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Figure 2.—Ultimate elongations of cellulose acetate fractions as a function of intrinsic 
viscosity (upper graph) and DP,, (lower). 
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Fiagure 3.—Folding endurances of cellulose acetate fractions as a function of tntrins 
viscosity (upper graph) and DP, (lower). 


the following DP,’s: 502+43, 502+ 127 and 5024204. (These sam 
pairs of fractions are identified by their intrinsic viscosities 0 
2.75+.23, 2.75+.70, and 2.75+1.37, respectively.) A number 0 
miscellaneous blends and the starting material were also studied. Tb 
intrinsic viscosities and DP,’s of the blends were calculated fre 
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ir known weight compositions and the intrinsic viscosities and 
DP,’s of the fractions.° 
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icurE 4.— Tensile strengths of blends of cellulose acetate fractions as a function of 
intrinsic viscosity (upper graph) and DP,, (lower). 


The curve for the fractions (traced from fig. 1) is included for comparison. 


Figure 4 shows the tensile strengths of the blends as a function of 
th their intrinsic viscosities (upper graph) and DP,’s (lower). 
he respective curves for the fractions, traced from the smooth curves 
‘figure 1, are included for comparison. As shown by the upper 
aph of figure 4, the strengths of the blends are in general lower 
bn those of the fractions when the results are plotted against 
trinsic viscosity (or relative DP,). Further, the discrepancy 
tween the curve for the fractions and that for a series of blends 
ppears to increase with increasing difference in chain length between 
e components in a given series. Thus, the open circles, which 
present blends of the longest and shortest chain lengths, fall farthest 


‘The intrinsic viscosities of the blends were calculated from the formula 


[7] tena =filnh +folnle, 


tere fi and fs are the weight fractions in the blend of the components of intrinsic viscosities [9]: and [7}s, 
tively. The values of DP, for the blends were obtained from the relationship 

— ] 

DP =——_——_—) 

"biend Yr fo 


DP., DP. 


hand fy are the weight fractions in the blend of the components of DP., and DP respectively. 


= 


Calculated rather than experimental values of [9] and DP. for the blends were used because of the un- 
ioned validity of the calculation procedure, and because samples of the original blends sufficient for 
«perimental measurements were not available. 
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below the curve for the fractions. In contrast, when the tensij 
strengths are plotted against DP, (lower graph, fig. 4), the resi] 
for the blends, including the starting material and a number of mj 
cellaneous blends not shown in the upper graph, in general fall close 
to the smooth curve for the fractions. Seana: the open circle 
(which represent blends of the longest and shortest chain lengths 
fall consistently somewhat above the smooth curve. The possibj, 
cause for this will be discussed below. 

The results of the ultimate elongation measurements on blend 
(fig. 5) are qualitatively similar to the tensile strength data, but th 
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Fieure 5.—Ultimate elongations of blends of cellulose acetate fractions as a functi 
of intrinsic viscosity (upper graph) and DP, (lower). 
The curve for the fractions (traced from fig. 2) is included for comparison. 


differences between the upper and lower graphs are more clear 
defined. In the upper srenh. the curves for the blends of fractio 
of intrinsic viscosities 2.75+-.23 fall markedly below the smooth curv 
for the fractions (traced from fig. 2), the results for the series 2.75+.7 
are intermediate, and those for the series 2.75+1.37 are quite clo 
to the curve for the fractions. In the lower graph, in which 
results are plotted against DP,, all of the results for the blends fs 
fairly close to the curve for the fractions; the open circles, howevel 
again consistently fall somewhat above the smooth curve. 

The results for the folding endurance measurements (fig. 6) ¢ 
analogous to those for the ultimate elongations. The difference 
between the blends and fractions are again large when the results 
plotted against intrinsic viscosity. The results for the series 2.75 
1.37 appear to fall somewhat above the smooth curve for the {rat 
tions, but it is possible that this difference results from the variabilil 
inherent in folding endurance measurements rather than any actu 
superiority of the blends. As shown by the lower graph of figure 
the results for all the blends once more fall fairly close to the curve ft 


the fractions when DP, is taken as the independent variable. Ag 


however, the results for the series DP,’s 502+43 (open circles) 
slightly above the curve for the fractions. 
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iaukE 6.—Folding endurances of blends of cellulose acetate fractions as a function 

of intrinsic viscosity (upper graph) and DP,, (lower). 
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The curve for the fractions (traced from fig. 3) is included for comparison. 


2. ADDITIVITY OF MECHANICAL PROPERTIES 


The results described above demonstrate that the mechanica! 


woperties of blends are more closely related to DP, than to DP,. It 
a be shown that this closer relationship between mechanical prop- 
ties and DP, is consistent with two factors: the shape of the curve 
lating mechanical properties to DP for the fractions, and the 
at that the mechanical properties of a blend are the weight-averages 
{the properties of their components (eq 1). The second point will 
» considered first. 

Examination of the tensile strength data for the blends reveals 
hat if a strength of approximately 260 kg/cm’ is assigned to the frac- 
ion of lowest DP, for which no precise ex erimental value could be 
btained, the strength of each blend is the weight-average of the 
engths of its components. This is shown in figure 7, in which 
e observed strength of each blend has been plotted against the 
ilue calculated (according to eq 1) from the weight percentages and 
engths of the fractions of which it is composed. A he of 45-degree 
wpe passing through the origin is included in the figure for comparison. 
ie one blend which departs seriously from the line (observed strength, 
‘calculated strength, 310) was a 95:5 mixture by weight of the 
tions of shortest and longest chain lengths, respectively. This 
end, like the fraction of lowest DP, was too brittle to give a film 
table for testing. 

Asimilar relationship between the observed and calculated ultimate 
gations of the blends can also be demonstrated, but because of the 
Wer precision of these results, the agreement between the observed 
ud calculated values is not so good as for the tensile strength measure- 
tats. The folding endurances of all the blends except those contain- 
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CALCULATED TENSILE STRENGTH, KG/ca* 


Figure 7.—Observed tensile strengths of blends of cellulose acetate fractions a; 
function of strengths calculated according to assumption that strengths of fraction 
are additive (eq 1). 


The 45° line is included for reference. For complete description, see text. 


ing the fraction of smallest chain length (VP,=43) are also approxi 
mately additive. For the latter blends, the folding endurance valu 
are additive only if the fraction with a DP, of 43 is assumed to hay 
a negative folding endurance. This somewhat unreasonable result is 
however, consistent with the shape of the curve relating foldin 
endurance to YP, for the fractions (fig. 3), as extrapolation of thi 
curve to a DP, of 43 would lead to a negative folding endurance. 

It is now of interest to examine the consequences of applying th 
concept of additivity of mechanical properties to curves relating su 
properties to chain length for fractionated materials. For thi 
purpose, the curve shown in figure 8 was chosen. It should be em 
phasized, however, that the results described below would be qualita 
tively similar if any of the experimental curves of figures 1 to 3 wen 
used in this discussion. Figure 8 is a theoretical curve calculat 
from the equations of Sullivan [10], relating strength and fiber lengt 
of yarns which are perfectly homogeneous with respect to fibe 
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Ficure 8.—Theoretical curve, relating strength to DP for perfectly homogent 
polymers. 
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h.° It differs qualitatively from typical experimental curves 
iy in that it passes through the origin. As suggested above, 
owever, the failure of the experimental strength-DP curves to pass 
brough the origin may well result from technical difficulties in film 
reparation and testing. In any case, thisdifference does not seriously 
ect the conclusions drawn below. 

Figure 9 shows the strengths of blends, calculated from the curve of 
re 8, assuming additivity of strength. As in the experimental 
arves, the strengths have been plotted on both weight- and number- 
verage bases. Results for four series of blends have been plotted, 
presenting varying proportions of the following pairs: 4+10, 2.5+ 
0. 1+10, and .01+10. The numbers have been so chosen that the 
st three of these approximately represent the three series of blends 
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ictrE 9.—Theoretical curves, relating strength to DP, ( upper graph) and DP, 
(lower) for blends of homogeneous polymers. 


The curve for the fractions is identical with that given in figure 8. See text for complete explanation. 


tudied experimentally, and the last is roughly equivalent to blends 
{ the fraction of highest DP and a monomer. As shown by the 
pper graph of the figure, when the results are plotted on a weight- 
= = basis, the calculated strengths of the blends fall on straight 
nes below the curve for the fractions. The extent of the departure 
rm the curve for the fractions increases with the disparity between 
e chain lengths of the components in a pair. In contrast, when the 
ults are plotted on the number-average basis, the curves for the 
lends of pairs 4+10 and 2.5+10 fall directly on the curve for the 
rations. The curve for the pair 1+10, which corresponds to the 
‘ According to Sullivan’s analysis [10], to the left of the broken line in figure 8, yarn breakage occurs solely 
by slippage of the fibers. As the strength is contributed solely by frictional forces in this range, it is directly 
Proportional to fiber length. ‘To the right of the broken line, the frictional forces are sufficiently large to 
use some fiber breakage, and the strength approaches asymptotically to a maximum value at which all 
vers break. The analogy between frictional forces between fibers in a yarn and interchain forces in a film 
filament is fairly close, but it is not suggested that the breaking in tension of a film can be explained in 
tems of this analysis. Thus, the breaking of a film includes a complex process of flow and crystallization, 


rwhich there is no counterpart ina yarn. The two processes do, however, contain a number of interesting 
points of similarity. 
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experimental blends of the longest and shortest chain lengths, fa) 
slightly above the curve for the fractions, as did the open cireles j; 
the lower graphs of figures 4, 5, and 6. The curve for the pair .01 +19 
however, falls far above the curve for the fractions, which resylt ; 
also in accord with experience [3]. Thus, these curves, which merel 
represent a statement of the weight-additivity of the strength, » 
produce all of the features of the experimental data. It is perhap 
worth noting that the series 1+10 (and the corresponding exper, 
mental series, as well) contains blends considerably more heter 
geneous than the common unplasticized commercial polymers. Thus 


some of the blends in this series have a ratio of DP,,/DP, higher thay 
3, as compared with a value of about 2 for most ordinary polymers 
Even for this series, however, the mechanical properties are muc 


more closely related to DP, than to DP,. 

The discussion above provides only a limited and qualitatiys 
approach to the problem of the mechanical properties of blends a 
related to the properties of their components. Further, the con 
clusions should S taken as applying principally to strength proper 
ties, rather than to the more complicated properties such as ultimate 
elongation and folding endurance. It is felt, however, that the cop 
cept of additivity of mechanical properties should prove helpful ir 
some types of practical work, and may provide a basis for a mon 
detailed analysis of the problem. 


III. CONCLUSION 


The results described above indicate the importance of DP, i 
considering the mechanical properties of linear polymolecular poly 
mers. It has been shown that the interdependence of mechanical 


properties and DP, over a considerable range of chain lengths can be 
explained in terms of the weight-additivity of mechanical properties 
and the shape of the curves relating these properties and the DP fo 
fractionated materials. The results suggest that further attention be 
given to the use of osmotic pressure methods and other methods fo 


determining DP, in industrial work. 
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